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ABSTRACT 


The  results  of  investigations  to  determine  the  effects  of  several  metallurgical  and 
acoustical  variables  on  the  ultrasonic  signal  strength  using  commercially  available 
ultrasonic  flaw  detection  equipment  are  reported.  Applied  to  various  metals  used  in 
aerospace  structures  and  components,  these  investigations  resulted  in  the  separation 
and  determination  of  important  acoustical  properties  that  were  expected  to  indicate 
the  cause  for  differences  in  the  transmission  of  ultrasonic  energy  in  the  various  mater¬ 
ials.  A  method  was  developed  for  applying  correction  factors  to  test  blocks  of  one 
metal  in  order  to  estimate  the  size  of  defects  in  other  metals.  Beam  collimation  tech¬ 
niques  were  studied  to  determine  optimum  conditions  for  detecting  defects  and  dis¬ 
playing  them  on  both  cathode  ray  image  and  C-Scan  (plan  view)  facsimile  paper  re¬ 
cordings.  Some  investigations  were  also  performed  to  separate  and  identify  shear 
and  surface  (Rayleigh)  waves. 

This  report  has  been  reviewed  and  is  approved. 


W.  J.  TRAPP 

Chief,  Strength  and  Dynamics  Branch 
Metals  and  Ceramics  Laboratory 
Directorate  of  Materials  and  Processes 
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SUMMARY 


The  effects  of  forming  method  and  heat  treatment  upon  the  ultrasonic  signal  re¬ 
sponse  of  several  of  the  newer  alloys  were  investigated.  Generally,  rolled  material 
displayed  consistently  higher  response  characteristics  than  the  forged  materials.  For 
most  of  the  materials,  heat  treatment  tended  to  improve  the  transmission  of  ultrasound. 
These  effects  appeared  to  be  more  significant  as  test  frequencies  were  increased. 

Specific  acoustic  impedance  and  other  acoustical  properties  were  determined. 
Using  immersed  testing,  it  was  found  that  the  impedance  mismatch  at  the  water/metal 
interfaces  was  the  most  important  factor  when  comparing  one  material  to  another  due 
to  the  large  energy  loss  at  the  interface.  The  attenuation  losses  in  most  materials 
was  considerably  smaller. 

The  attenuation  values  obtained  included  all  losses  of  acoustical  energy  within 
the  material  including  those  due  to  sound-beam  geometry  which  would  be  encountered 
in  normal  testing.  The  apparent  attenuation  generally  was  less  than  one  decibel  per 
inch  of  metal  travel. 

A  method  was  developed  for  applying  correction  factors  to  compensate  for  different 
acoustical  properties  of  materials.  It  was  found  that  by  correcting  for  the  difference 
in  impedance,  attenuation  and  defect  size  (  in  terms  of  decibels)  between  a  reference 
set  of  test  blocks  of  one  material  and  the  material  being  inspected,  a  good  approxima¬ 
tion  of  discontinuity  size  could  be  obtained. 

The  use  of  beam  collimators  for  flaw  evaluation  was  investigated.  Particular 
emphasis  was  placed  on  the  use  of  collimators  for  C-Scan  recording.  The  minimum 
useful  collimator  size  was  found  to  be  about  2-1/2  wavelengths  measured  in  the  mater¬ 
ial  being  tested.  Metal  depth  ranges  for  best  definition  were  determined.  The  results 
were  compared  with  those  using  focused,  transducers. 

The  propagation  of  shear  and  surface  (Rayleigh)  waves  was  investigated.  It  was 
found  that  shear  waves  generated  over  a  wide  range  of  incident  angles  had  nearly  the 
same  reflected  amplitude.  This  amplitude  was  greater  than  that  using  longitudinal 
waves,  indicating  closer  impedance  match  with  the  coupling  medium.  The  signal 
losses  due  to  attenuation  became  significant  at  higher  frequencies,  however. 

The  use  of  surface  (Rayleigh)  waves  in  the  higher  frequency  range  was  apparently 
limited  due  to  the  low  signal  strength  obtainable.  Using  a  single  transducer  technique 
it  was  found,  however,  that  a  compound  wave  motion  could  be  propagated  in  thin  plates 
by  either  immersed  or  contact  methods.  The  characteristics  were  those  of  Lamb  waves. 
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SECTION  I 


INTRODUCTION 

With  the  continued  development  of  new  materials  for  the  aerospace  industry, 
ultrasonic  standards  for  inspecting  these  materials  must  be  developed.  Present 
techniques  employ  at  least  one  set  of  reference  test  blocks  for  each  alloy  that 
is  being  evaluated.  It  is  readily  seen  that  such  an  operation  would  entail  a  large 
capital  investment  with  the  higher  costs  of  some  of  the  newer  super  alloys.  The 
special  machining  techniques  which  are  required  in  some  cases  would  further  in¬ 
crease  the  cost.  If  one  set  of  blocks  could  be  used  to  evaluate  several  materials 
the  number  of  test  blocks,  and  consequently  the  cost,  would  be  considerably  re¬ 
duced  . 

It  was  believed  that  by  isolating  and  measuring  the  more  significant  variables 
which  affect  the  transmission  of  ultrasonic  energy  through  a  material,  compensa¬ 
tions  or  correction  factors  might  be  applied  for  simplifying  flaw  size  evaluation 
techniques.  Means  could  then  be  established  whereby  one  set  of  test  blocks 
would  be  used  to  evaluate  several  materials.  In  order  to  establish  correction 
factors  the  effects  of  material  variables  such  as  differences  in  alloys,  method  of 
forming  and  heat  treatment  must  be  determined.  In  addition,  there  are  variations 
in  results  which  arise  due  to  the  nature  of  the  ultrasonic  energy  employed  and  the 
conditions  under  which  the  energy  enters  and  leaves  the  part.  The  latter  factors 
are  primarily  functions  of  the  transducer  type,  the  coupling  medium,  and  the  geo¬ 
metrical  relationship  between  the  transducer  and  the  surface  of  the  part. 

The  investigations  of  all  these  factors  performed  for  this  report  were  designed 
to  supplement  the  knowledge  obtained  under  two  previous  research  and  develop¬ 
ment  contracts.  The  results  of  those  contracts  are  available  as  WADC  Technical 
Reports  57-268  and  59-466,  both  entitled  "Research  and  Development  Leading  to 
the  Establishment  of  Ultrasonic  Test  Standards  for  Aircraft  Materials" .  Those 
reports  present  information  pertaining  to  several  alloys  of  aluminum,  steel,  mag¬ 
nesium  and  titanium.  The  principle  variables  considered  were  grain  direction, 
heat  treatment,  degree  of  working,  frequency  of  the  energy  employed  and  trans¬ 
ducer  type.  All  variables  were  analyzed  with  respect  to  their  effect  upon  the 
amplitude  of  the  ultrasonic  energy  reflected  from  internal  defects.  On  some  alloys, 
tests  were  performed  to  determine  the  effects  of  variations  in  flaw  size,  surface 
roughness,  surface  curvature,  flaw  orientation ,  internal  porosity  and  ultrasonic 
beam  diameter.  Where  internal  porosity  was  examined,  the  results  were  correlated 
in  terms  of  energy  reflected  from  the  porosity,  loss  of  back  reflections  from  the 
samples,  and  variations  in  tensile  and  fatigue  properties. 

Supplementary  data  was  obtained  employing  ultrasonic  shear  and  surface 
waves  to  test  thin  sheet  materials.  The  effect  of  beam  collimation  on  flaw  de¬ 
tection  and  evaluation  was  also  investigated. 

For  this  investigation,  several  new  alloys  were  added  and  evaluated.  This 
data  was  then  related  to  the  alloys  and  variables  previously  studied.  The  investi¬ 
gations  were  grouped  into  several  phases.  First,  the  effects  of  material  variables 
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on  signal  response  of  the  new  alloys  were  evaluated.  Second,  observations  were 
made  to  determine  the  acoustical  properties  of  most  of  the  alloys  used  in  this  and 
previous  investigations..  Attenuation  and  impedance  losses  were  then  calculated. 
Third,  shear  and  surface  (Rayleigh)  wave  methods  as  applied  to  thin  sheets  were 
investigated.  Additional  tests  were  performed  to  evaluate  the  distinguishing 
characteristics  of  shear  and  surface  (Rayleigh)  waves.  Fourth,  collimation 
techniques  were  studied  more  thoroughly  to  permit  flaw  size  evaluation  on  the 
basis  of  plan  view  scanning.  Accordingly  this  report  has  been  divided  into  four 
sections,  each  containing  the  test  procedures,  results,  discussion  and  conclusions 
for  that  particular  phase . 


2 


SECTION  II 


MATERIAL  VARIABLES 

In  previous  invostigations  the  material  variables  evaluated  were  those  due  to 
differences  in  alloy  composition,  direction  of  grain,  method  of  forming,  and  heat 
treatment.  The  alloys  were  classified  into  three  basic  groups  of  materials:  aluminum, 
steel,  and  titanium.  For  each  of  these  groups,  one  alloy  was  selected  as  a  control 
for  the  entire  group  and  the  results  of  all  tests  in  the  group  were  referenced  to  the 
set  of  test  blocks  made  from  the  control  alloy. 

In  order  to  correlate  the  results  of  this  investigation  to  those  obtained  from  the 
previous  investigations,  the  same  basic  group  classifications  were  retained  and  the 
same  sets  of  test  blocks  were  used  as  the  control  alloys. 

EQUIPMENT 

The  basic  test  apparatus  used  for  this  study  is  illustrated  in  Figure  1 .  A  list  of 
these  apparatus  is  as  follows: 

1.  Curtiss-Wright  Immerscope,  Model  424A. 

Frequency  range  -  2.25  me  to  25.0  me. 

2.  Sola  Constant  Voltage  Transformer. 

Capacity  -  500  VA,  110  volts,  4.24  amps, 

60  cycles . 

3.  Ultrasonic  Testing  and  Research  Laboratory 
designed  research  test  tank. 

4.  Ultrasonics  Division,  Automation  Industries, 

Inc.  Adjustable  Transducer  Mount,  Model  1026. 

5.  Ultrasonic  Transducers  as  listed  in  Table  1. 

MATERIALS  AND  TEST  SAMPLES 

The  basic  type  of  test  samples  used  for  this  investigation  is  shown  in  Figure  2. 
Unless  otherwise  specified, a  set  of  test  blocks  will  refer  to  nineteen  (19)  blocks 
each  having  a  5/64  inch  diameter  flat  bottom  hole  at  a  different  metal  distance  (L^) . 
These  test  blocks  conform  to  the  dimensional  requirements  of  ASTM  E127-58T  Recom¬ 
mended  Practice.  The  test  blocks  were  machined  from  the  materials  shown  in  Table 
2. 

TEST  PROCEDURES 

For  this  investigation  the  measurement  of  ultrasonic  energy  was  accomplished  by 
observing  the  amplitude  of  the  reflected  signal  from  a  5/64  inch  diameter  flat  bottom 
hole  drilled  in  the  bottom  of  each  block..  This  amplitude,  expressed  in  inches  of 
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TABLE  1 


TRANSDUCERS  USED  TO  MEASURE  MATERIAL  VARIABLES 

MANUFACTURER 

TYPE 

FREQUENCY 

Megacycles 

DIAMETER 

Immersion  Style 

Automation  Industries 

Lithium 

Sulphate 

2.25 

0.75 

Automation  Industries 

Lithium 

Sulphate 

5.0 

0.75 

Automation  Industries 

Lithium 

Sulphate 

10.0 

0.75 

Automation  Industries 

Lithium 

Sulphate 

10.0 

0.375 

Automation  Industries 

Quartz 

25.0 

0.375 

Contact  Style 

Sperry  Products 

Quartz 

2.25 

0.75 

Sperry  Products 

Quartz 

5.0 

0.75 

Sperry  Products 

Quartz 

10.0 

0.75 

5 
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MATERIAL  AND  TEST  SAMPLES  FOR  MEASURING  MATERIAL  VARIABLES 


*707  5  Aluminum  L.T,  5/64  T-6 


signal  height,  was  measured  on  the  cathode  ray  tube  of  the  Immerscope. 

Ail  ultrasonic  immersion  tests  were  performed  in  the  special  research  tank  shown 
in  Figure  1.  The  path  of  the  ultrasound  was  normalized  with  relation  to  the  test  block 
face  by  means  of  a  double-angle  adjustable  transducer  mount  and  the  water  distance 
between  transducer  and  test  block  faces  was  maintained  constant  at  1,75  inches. 

To  obtain  data  using  the  contact  transducers,  the  test  blocks  were  wiped  clean 
and  arranged  on  a  wooden  work  table.  A  few  drops  of  glycerin  were  placed  on  the  top 
of  each  test  block  and  readings  were  taken  by  placing  the  contact  probe  on  the  lubri¬ 
cated  surface  and  applying  hand  pressure  until  the  height  of  the  reflected  flaw  signal 
reached  a  stable  peak.  The  signal  heights  observed  were  then  recorded. 

Two  types  of  data  were  used  to  present  the  information  obtained.  First,  test 
block  calibration  curves  were  made  which  indicated  reflected  signal  height  as  a 
function  of  metal  distance  to  the  test  hole  for  each  material  evaluated.  The  instru¬ 
ment  gain  was  maintained  at  a  constant  level  for  each  set  of  test  blocks.  This  data 
was  referred  to  as  “Amplitude  vs.  Distance  Curves".  The  second  type  of  data  con¬ 
sisted  of  a  series  of  plots  of  the  variables  investigated  with  respect  to  a  set  of  con¬ 
trol  blocks,  where  a  reference  signal  height  was  maintained.  This  data  is  referred 
to  as  “Datum  Line  Curves". 

A.  AMPLITUDE  VS.  DISTANCE  DATA 

The  purpose  of  the  “Amplitude  vs.  Distance"  data  is  twofold:  (1)  it  provides  a 
means  of  quality  control  on  test  block  manufacturing  techniques  by  the  relative  smooth¬ 
ness  of  the  curve;  and  (2)  it  illustrates  the  response  pattern  for  the  particular  material 
and  transducer.  Since  deviations  due  to  material  variables  must  be  interpreted  over  a 
range  of  different  signal  heights ,  these  curves  were  used  only  for  quality  control 
measures  rather  than  to  show  differences  between  material  variables  .  Each  nineteen 
block  set  was  checked  at  2.25,  5.0  and  10.0  me  by  this  method  before  testing  for 
material  variables.  Amplitude  vs.  Distance  curves  for  the  control  blocks  of  the  three 
groups  evaluated  are  shown  in  Appendix  I.  The  curve  obtained  at  5.0  me  for  each  con¬ 
trol  set  is  shown.  The  curves  obtained  at  2.25  me  were  identical  to  those  shown  in 
WADC  Technical  Report  59-466  entitled  "Research  and  Development  Leading  to  the 
Establishment  of  Ultrasonic  Test  Standards  for  Aircraft  Materials"  . 

B.  DATUM  LINE  CURVES 


The  "Datum  Line  Curves"  were  utilized  to  present  the  effects  of  different  variables 
on  the  response  characteristics  of  several  materials,  A  reference  signal  height  of  1.5 
inches  was  maintained  on  each  of  the  control  blocks  in  each  group.  This  was  accom¬ 
plished  by  allowing  the  instrument  sensitivity  to  be  adjusted  for  each  metal  distance 
of  the  nineteen  (19)  control  blocks.  A  horizontal  line  of  1.5  inches  signal  height  vs. 
metal  distance  was  obtained  as  the  reference  curve.  At  each  one  of  the  nineteen 
settings,  the  reflected  signals  were  observed  from  the  other  test  blocks  of  the  same 
length  in  the  particular  group  being  evaluated.  These  signal  heights  were  plotted  in 
relation  to  the  1 . 5  inch  reference  signal . 
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Datum  Line  Curves  were  obtained  on  all  materials  in  heat  treat  Condition  1  as 
listed  in  Table  2.  The  transducers  indicated  in  Table  1  were  used.  The  test  blocks 
in  the  Steel  and  Titanium  Group  were  then  heat  treated  to  Condition  2  and  the  tests 
repeated  using  the  same  transducers.  The  control  blocks  were  not  heat  treated.  The 
procedures  which  were  followed  for  heat  treating  the  various  test  blocks  are  contained 
in  Appendix  II . 

C.  ADDITIONAL  TESTING 

In  order  to  assure  that  aircraft  quality  material  was  obtained  for  fabrication  of 
the  test  samples  used  in  this  investigation,  all  raw  materials  were  subject  to  pre¬ 
liminary  ultrasonic,  tensile,  and  Rockwell  hardness  tests.  Ultrasonic  inspection  of 
the  materials  was  performed  in  accordance  with  current  technical  society  specifications 
However,  no  attempt  was  made  to  select  materials  of  superior  ultrasonic  quality, 
since  it  was  desired  to  maintain  the  quality  as  typical  of  that  used  by  industry. 

Three  tensile  bars  were  machined  from  each  set  of  test  blocks  for  each  heat  treat¬ 
ment.  These  tensile  bars  were  heat  treated  concurrently  with  the  ultrasonic  test 
blocks.  Representative  photomicrographs  were  obtained  for  each  alloy  and  heat  treat 
condition.  Rockwell  hardness  tests  were  performed  on  all  test  blocks  and  tensile 
bars  in  each  heat  treat  condition.  At  least  three  readings  were  taken  on  each  sample. 
The  results  of  the  tensile  and  hardness  tests  are  shown  in  Appendix  II  along  with  the 
photomicrographs . 

In  addition,  two  7075-T6  aluminum  test  blocks  from  the  control  set  were  metal- 
lographically  examined  in  an  effort  to  determine  causes  for  the  high  reflected  signal 
level  observed  .  Photomicrographs  of  these  blocks  are  also  shown  in  Appendix  II. 

RESULTS  AND  DISCUSSION 

The  tests  performed  on  the  three  groups  of  materials  are  discussed  in  this  section. 
For  all  investigations,  immersed  as  well  as  contact  methods  were  used  to  obtain  data. 
The  variations  in  the  results  using  the  two  methods  were  so  slight  that  only  the  data 
obtained  with  immersed  tests  is  presented. 

A.  GROUP  I  -  STEEL 

Three  materials  were  compared  with  4130  normalized  steel.  Different  forming 
methods  and  heat  treatments  of  two  of  these  alloys,  Vascojet  1000  and  Inconel  X,  are 
shown  in  relation  to  each  other  and  as  compared  with  the  control  alloy,  4130  N. 
Annealed  C.P.  Molybdenum  was  also  compared  with  these  alloys.  Datum  line  curves 
for  this  group  of  materials  are  shown  in  Figures  3  through  6. 

1.  Vascojet  1000 

Test  blocks  made  from  hand  forged  and  rolled  bar  Vascojet  1000,  a  5  per  cent 
Cr-Mo-V  steel  alloy,  were  evaluated.  Datum  line  curves  were  obtained  from  both  the 
annealed  and  heat  treated  conditions . 
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Figure  3.  Datum  Line  Curves,  Group  I  Materials  Before  and  After  Heat  Treatment  at 
2.25  me . 
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Figure  4.  Datum  Line  Curves,  Group  I  Materials  Before  and  After  Heat  Treatment  at 
5.0  me . 
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Figure  5.  Datum  Line  Curves,  Group  I  Materials  Before  and  After  Heat  Treatment  at 
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6.  Datum  Line  Curves,  Group  I  Materials  Before  and  After  Heat  Treatment  at 
25 .0  me. 
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a.  Forming  Method 


At  2.25  me  no  appreciable  difference  between  forged  and  rolled  bar  was  noted. 
When  tested  at  5.0  and  10.0  me,  the  rolled  bar  had  slightly  higher  response 
than  the  hand  forged  material  in  both  the  annealed  and  heat  treated  conditions. 
However,  at  25.0  me  there  is  no  significant  difference  between  the  two.  At 
25.0  me  the  response  for  both  forming  methods  was  higher  than  the  4130  N 
material  but  no  significant  difference  was  observed  at  2.25  me. 

b.  Heat  Treatment 

There  was  no  difference  noted  between  annealed  and  heat  treated  conditions 
at  2.25  me.  When  tested  at  5.0  me  the  rolled  bar  exhibited  slightly  lower 
response  after  heat  treatment.  This  was  also  true  of  the  forged  blocks  up  to 
3-3/4  inches  metal  distance  where  the  response  after  heat  treatment  became 
somewhat  scattered.  At  10.0  and  25.0  me  the  response  increased  slightly 
following  heat  treatment  in  both  rolled  and  forged  test  blocks.  This  increase 
was  more  noticeable  beyond  3-3/4  inches  meta.1  distance  at  10.0  me. 

2.  Inconel  X 

Hand  forged  and  rolled  bar  Inconel  X  test  blocks  were  evaluated  in  the  annealed 
and  heat  treated  condition. 

a.  Forming  Method 

At  all  test  frequencies,  the  hand  forged  blocks  had  lower  signal  response 
than  the  rolled  bar.  Using  test  frequencies  of  2.25  and  5.0  me  the  response 
from  the  rolled  bar  compared  favorably  to  that  from  the  4130  N.  At  10.0  me 
the  reflected  signal  from  the  forged  blocks  practically  disappeared  and  the 
response  from  the  rolled  bar  decreased  considerably.  When  tested  at  25.0 
me  only  a  slight  signal  response  was  observed  from  the  rolled  bar  and  none 
could  be  detected  from  the  forged  test  blocks . 

b.  Heat  Treatment 

The  effects  of  heat  treatment  on  the  signal  response  were  negligible  at  2.25 
me.  It  was  interesting  to  note  that  at  5.0  me  the  response  from  the  forged 
blocks  decreased  while  the  reflected  signal  from  the  rolled  bar  increased 
slightly  beyond  2-1/4  inches  metal  distance  after  heat  treating.  However, 
at  25.0  me  slightly  better  response  was  observed  from  the  rolled  blocks 
prior  to  heat  treatment,  i.e.,  in  the  annealed  condition. 

3 .  C.  P.  Molybdenum 

Commercially  pure  (C.E.)  molybdenum  rolled  bar  was  evaluated  in  the  annealed 
condition  only.  Comparisons  are  shown  between  this  material  and  the  other  two 
alloys  evaluated  in  this  group.  The  signal  response  varied  with  the  test  frequency 
employed.  As  the  frequency  was  increased  from  2.25  to  10.0  me  the  signal  response 
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generally  decreased  with  reference  to  the  4130  N  control  blocks.  At  25.0  me  the 
signal  response  was  about  the  same  as  at  10.0  me.  The  signal  amplitude  was  con¬ 
sistently  lower  than  that  observed  from  the  control  blocks.  In  order  to  evaluate  C.P. 
molybdenum  using  4130  N  test  blocks  some  correction  would  be  required. 

The  signal  response  from  C.P.  molybdenum  was  most  nearly  like  Inconel  X  rolled 
bar  where  both  materials  were  in  the  annealed  condition.  It  would  not  be  advisable 
to  evaluate  flaws  compared  to  Inconel  X,  however,  since  there  was  sufficient  varia¬ 
tion  in  response  to  cause  misinterpretation.  These  variations  in  signal  response  from 
C.  P.  molybdenum  may  have  been  caused  by  anisotropic  properties  of  this  material. 

B.  GROUP  II  -  TITANIUM 


For  this  part  of  the  investigation  the  test  blocks  were  fabricated  from  an  all  beta 
titanium  alloy,  B120  VGA.  The  test  blocks  were  evaluated  in  the  annealed  and  heat 
treated  condition  using  Ti-IOOA  alloy  as  the  control  alloy.  Figures  7  through  10 
show  the  datum  line  curves  obtained  from  the  titanium  test  blocks  both  before  and 
after  heat  treatment. 

1 .  B12Q  VGA  Titanium 

Both  rolled  bar  and  hand  forged  materials  were  tested. 

a.  Forming  Method 

The  method  of  forming  appeared  to  have  very  little  effect  on  signal  response. 

The  response  curves  obtained  were  very  similar  in  appearance  and,  in  fact, 
nearly  the  same  amplitude  throughout.  It  was  found  that  both  the  forged  and 
rolled  bar  had  large,  irregular  shaped  grains  probably  accounting  for  the 
similarity  in  response.  See  Appendix  II. 

b.  Heat  Treatment 


Age  hardening  of  this  alloy  resulted  in  greatly  improved  signal  response. 
This  higher  response  after  aging  probably  was  caused  by  the  decomposi¬ 
tion  of  some  of  the  unstable  phases  which  was  initiated  in  the  alloy  by 
the  heat  treatment.  Prior  to  heat  treating  the  5/64  inch  test  hole  could 
be  observed  only  up  to  2-1/4  inches  metal  distance,  and  then  only  at 
frequencies  of  10.0  me  or  lower.  After  heat  treating  a  reflected  signal 
was  observed  throughout  the  entire  range  of  metal  distance  tested. 

Except  at  25.0  me  the  response  from  the  B120  VGA  blocks  was  lower  than 
that  from  the  Ti-IOOA  reference  set.  In  the  annealed  condition  the  B120  VGA 
exhibited  greater  response  than  Ti-IOOA  at  25.0  me.  However,  reflected 
signals  were  observed  up  to  only  1/2  inch  metal  distance. 

It  appears  that  a  test  frequency  of  2.25  me  would  produce  the  most  con¬ 
sistent  results  with  respect  to  flaw  evaluation.  Higher  frequencies  such 
as  5.0,  10  or  25.0  me  should  be  used,  however,  for  material  with  flaw 
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Figure  7 .  Datum  Line  Curves,  Group  II  Materials  Before  and  After  Heat  Treatment  at 
2.25  me. 
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Figure  9.  Datum  Line  Curves,  Group  II  Materials  Before  and  After  Heat  Treatment  at 
10.0  me. 
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Figure  10.  Datum  Line  Curves,  Group  II  Materials  Before  and  After  Heat  Treatment  at 
'25.0  me. 
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depths  of  one  inch  or  less.  The  test  frequencies  recommended  in  WADC  Technical 
Report  59-466  concerning  the  use  of  Ti-IOOA  test  blocks  as  standards  appear  to  be 
applicable  to  the  hardened  condition  of  the  B120  VGA. 

C.  GROUP  III  -  ALUMINUM 


The  last  group  of  materials  investigated  included  four  sets  of  7075-T6  aluminum 
test  blocks.  Each  set  was  fabricated  from  a  different  heat  of  material.  The  various 
heats  were  obtained  from  different  manufacturers.  The  only  variable  tested  was 
method  of  forming.  Two  sets  were  made  from  rolled  bar  and  two  from  forged  bar  stock 
fabricated  in  the  longitudinal  and  long  transverse  grain  directions.  This  part  of  the 
investigation  was  performed  to  determine  the  acoustical  variations,  if  any,  between 
heats  and  the  significance  of  any  deviations  on  the  reliability  of  ultrasonic  flaw  eval¬ 
uation. 

The  test  blocks  from  the  four  heats  were  compared  to  a  set  of  blocks  made  from 
7075-T6  rolled  bar  used  for  a  previous  contract  (Contract  No.  AF  33(616)-5877) .  This 
set  was  used  as  the  control  set.  All  test  blocks  had  5/64  inch  diameter,  flat  bottom 
holes . 

The  datum  line  curves  obtained  are  shown  in  Figures  11  through  14.  It  was  ob¬ 
served  that  at  the  test  frequencies  of  2.25,  5.0  and  10.0  me.  all  four  test  sets  re¬ 
sponded  similarly.  In  most  cases,  however,  the  control  set  displayed  a  stronger 
signal  response  where  the  metal  travel  was  greater  than  one  inch.  The  only  exception 
to  this  was  at  10.0  me  where  the  response  of  the  four  heats  was  observed  to  increase 
after  a  metal  distance  of  4  inches  was  reached. 

These  indications  suggested  that  the  test  block  set  employed  as  the  control  alloy 
was  not  typical.  The  control  set  of  test  blocks  was  fabricated  from  rolled  bar  stock. 

It  was  found  that  Rolled  Bar  #2  generally  had  the  lowest  of  the  four  heats  investi¬ 
gated.  The  two  sets  of  blocks  made  from  forged  bar  had  almost  identical  response. 
Thus,  although  variations  in  ultrasonic  response  characteristics  existed  between 
different  heats  of  the  rolled  bar,  no  significant  variations  were  apparent  in  forged 
material . 

When  the  mechanical  properties  of  the  four  heats  were  examined  it  was  found 
that  the  two  forged  heats  had  similar  mechanical  properties  while  the  two  rolled  bar 
heats  were  not  similar  to  each  other  in  tensile  strength  and  percent  elongation.  The 
ultimate  tensile  strength  for  Rolled  Bar  #1  was  80,900  psi  and  elongation  was  16.2 
percent  while  for  Rolled  Bar  #2  these  values  were  93,330  psi  and  10.0  percent  respec¬ 
tively.  This  possibly  would  explain  the  variations  in  signal  response  observed  be¬ 
tween  the  two  heats  of  rolled  bar.  The  rolled  bar  with  the  higher  signal  response  had 
the  lower  mechanical  properties.  Thus,  flaw  evaluation  techniques  appear  to  be 
affected  by  variations  in  the  microstructure  and  the  resulting  mechanical  properties  of 
a  given  alloy. 

Differences  in  the  grain  structure  of  these  two  test  block  sets.  Rolled  Bar  #1  and 
Rolled  Bar  #2,  apparently  caused  the  difference  in  ultrasonic  response.  In  examining 


20 


INCHES  OF  SIGNAL  HEIGHT  “g  INCHES  OF  SIGNAL  HEIGHT 


3:  TRANSDUCER:  2»24  me,  3/4  inch  Dia,,  LS,  I^mer^ed 


IIIH 


I  1  .1  1  1 

-  LEGEND: 

1 

0 

1  1  1  1  1 

7075-T6  Rolled  Bar,  Heat  1 

i  1  1  1 _ L 

0 

7075-T6  Rolled  Bar,  Heat  2 

iiini 

llll■| 

□ 

7075-T6  Forged  Bar,  Heat  3 

A 

7075-T6  Forged  Bar,  Heat  4 

1 

7  075-T6  Rolled  Bar,  Control  Set  , 

1  1  1  1  1 

llll■l 

iiiipr-Tfrai 


1  2-1/4  3-1/4  4-1/4  5-1/4 

INCHES  OF  METAL  TRAVEL 

re  11.  Datum  Line  Curve,  Group  III  Material,  Four  Different  Heats  at  2.25  me. 
TRANSDUCER:  5.0  me,  3/4  inch  Dia.,  LS,  Immersed 


mill 

mill 


iiinaiiiii 

iri’iiiiis: 

iiiiiiiiii 

miiiiiii 

IIIIIIIIII 


7075-T6  Rolled  Bar,  Heat  1 
7075-T6  Rolled  Bar,  Heat  2 
7075-T6  Forged  Bar,  Heat  3 
7075-T6  Forged  Bar,  Heat  4 
7075-T6  Rolled  Bar,  Control  Set 


3-1/4 


INCHES  OF  METAL  TRAVEL 


5-1/4 


Figure  12.  Datum  Line  Curves,  Group  III  Materials,  Four  Different  Heats  at  5.0  me 


21 


TRANSDUCER:  10.0  me,  3/4  inch  Dia.,  LS,  Immersed 


INCHES  OF  METAL  TRAVEL 

Figure  13.  Datum  Line  Curve,  Group  III  Materials  Four  Different  Heats  at  10.0  me. 
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Figure  14.  Datum  Line  Curve,  Group  III  Materials  Four  Different  Heats  at  25.0  me. 
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photomicrographs  of  these  heats,  it  appears  that  Rolled  Bar  #2  was  more  fully  aged 
than  Rolled  Bar  #1 .  The  finer  grain  structure  occurred  in  Rolled  Bar  #1 .  Rolled  Bar 
#2  showed  more  directionality  of  grain  and  was  apparently  rolled  at  a  lower  tempera¬ 
ture  . 


The  control  set,  which  displayed  the  highest  response  of  the  three  rolled  bar 
heats,  had  the  largest  grain  structure.  The  degree  of  working  seemed  to  be  less  than 
that  in  the  other  heats. 

It  seems  that  the  microstructure  does  have  some  effect  on  ultrasonic  signal  re¬ 
sponse.  The  extent  of  this  effect  seems  to  be  limited,  so  that,  no  serious  problem  is 
apparent.  Further  exploration  in  this  area  seems  advisable. 

CONCLUSIONS 

A.  GROUP  I  -  STEEL 

The  results  of  evaluations  performed  on  the  three  materials  in  this  group  indicated 
that  the  effects  of  changes  in  variables  such  as  alloy,  method  of  forming  and  heat 
treatment  were  slight  at  the  lower  test  frequencies.  As  the  test  frequency  was  in¬ 
creased,  the  difference  in  signal  response  due  to  method  of  forming  became  more 
apparent.  The  rolled  materials  consistently  displayed  higher  response  characteristics 
than  the  forged  materials. 

Heat  treatment  also  appeared  to  be  significant  at  higher  frequencies.  An  overall 
increase  in  scatter  of  results  was  observed  at  10.0  and  25.0  me  which  emphasized 
this  variable.  At  2.2'5  and  5.0  me,  however,  the  curves  indicated  less  scatter  after 
heat  treatment.  At  10.0  and  25.0  me,  the  signal  response  of  the  materials  increased. 
However,  the  differences  appeared  at  metal  travel  distances  that  normally  result  in 
inconsistent  flaw  evaluation  using  the  10.0  me  transducer.  The  25.0  me  range  appear¬ 
ed  to  be  useful  for  evaluating  most  of  this  group  of  materials  at  metal  travel  distances 
up  to  one  inch. 

The  4130  reference  blocks  appear  to  be  a  useful  reference  for  the  Vascojet  1000 
alloy  and  the  Inconel  X  rolled  bar.  However,  in  order  to  evaluate  the  forged  Inconel 
X  using  4130,  a  correction  factor  would  have  to  be  applied.  The  same  is  true  for  the 
C.P.  Molybdenum.  A  tentative  method  for  accomplishing  these  corrections  is  present¬ 
ed  later  in  this  report. 

B.  GROUP  II  -  TITANIUM 

The  results  of  datum  line  curves  before  and  after  heat  treatment  of  the  all  beta 
titanium  alloy,  B120  VGA,  indicate  that  aging  substantially  increases  the  ultrasonic 
response  characteristics  of  this  alloy.  At  every  test  frequency  there  was  generally 
an  increase  in  reflected  signal  heights.  The  forged  bar  had  a  slightly  lower  response 
than  the  rolled  bar  at  all  test  frequencies. 

In  comparison  to  the  Ti-IOOA  control  blocks,  the  B120  VGA  had  lower  response  at 
2.25,  5.0  and  10.0  me,  but  at  25.0  me  slightly  higher  response  was  observed  from  the 
heat  treated  blocks.  The  depth  penetrated  at  25.0  me  was  only  1/2  inch,  however. 
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At  2.25  me  the  annealed  Ti-IOOA  blocks  could  be  used  to  evaluate  heat  treated  B120 
VGA  titanium  if  metal  distances  greater  than  1  inch  were  tested.  This  limits  the 
technique  considerably,  hence,  evaluation  in  this  manner  is  not  recommended  unless 
corrections  are  applied. 

C.  GROUP  III  -  ALUMINUM 


The  results  obtained  from  investigating  four  different  heats  of  7075-T6  aluminum 
alloy  indicated  that  the  variations  due  to  the  difference  in  method  of  forming  and 
different  heats  of  the  alloy  could  normally  be  disregarded.  However,  variations  in 
reflected  signal  heights  due  to  differences  in  grain  structure  or  mechanical  properties 
such  as  yield  strength  and  percent  elongation  .should  be  considered  especially  where 
10.0  or  25.0  me  test  frequencies  are  employed.  The  range  over  which  mechanical 
properties  could  be  allowed  to  vary  was  not  established  in  this  report.  It  v/as  appar¬ 
ent,  however,  that  rolled  bar  test  blocks  can  be  satisfactorily  used  to  evaluate  de¬ 
fects  in  forged  structures  without  compensation. 

Conditions  such  as  grain  size,  hot  working  temperature,  heat  treat  response  and 
alloy  segregation  can  affect  the  ultrasonic  response.  The  effects  appear  to  be  limited, 
however,  some  investigation  should  be  conducted  to  establish  these  limits. 
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SECTION  III 


EFFECTS  OF  ACOUSTICAL  PROPERTIES 

It.  was  apparent  that  material  variables,  as  described  in  Section  II,  were  not  the 
only  factors  to  be  considered  in  flaw  evaluation.  Acoustical  properties,  such  as 
acoustic  impedance  and  attenuation,  were  known  to  result  in  differences  in  signal 
response  from  various  materials.  Only  a  few  of  these  measurements  were  available 
in  published  data. 

These  measurements  were  necessary  to  determine  the  extent  to  which  theoretical 
or  empirical  results  could  be  applied  as  correction  factors  for  simplifying  flaw  size 
evaluation  techniques.  Therefore,  it  was  essential  that  the  acoustical  properties 
which  caused  amplitude  response  differences  between  various  materials  be  found. 

The  following  section  describes  the  tests  and  results  of  the  investigations  used 
to  determine  these  acoustical  properties.  Correction  factors  were  then  derived  from 
the  acoustical  property  relationships.  Appendix  III  presents  a  method  for  expressing 
the  relationships  that  affect  the  transmission  of  ultrasound  from  one  medium  into  a 
second  in  terms  of  decibels. 

EQUIPMENT 

The  test  apparatus  used  was  as  follows: 

1.  Curti ss -Wright  Immerscope,  Model  424A. 

Frequency  range  -  2.25  me  to  25.0  me. 

2.  Branson  Instruments  Sonoray.  Frequency 
range  -  0.4  me  to  10.0  me. 

3.  Sperry  Ultrasonic  Attenuation  Comparator. 

Frequency  range  -  5.0  me  to  200  me.  See 
Figure  15. 

4.  Sola  Constant  Voltage  Transformer.  Capacity 
500  VA,  100  volts,  4.24  Amps,  60  cycles. 

5.  Ultrasonic  Testing  and  Research  Laboratory 
designed  research  buffer  tank.  See  Figure  16. 

6.  Ultrasonic  Testing  and  Research  Laboratory 
designed  research  test  tank.  See  Figure  1  in 
Section  II,  Material  Variables. 

7.  Ultrasonic  Division,  Automation  Industries,  Inc. 

Adjustable  Transducer  Mount,  Model  1026. 

8.  Kay  Electric  Co.  Attenuator,  Model  32-0. 

See  Figure  17  . 
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Figure  15.  Sperry  Instruments  Ultrasonic  Attenuation  Comparator. 


Figure  17.  Kay  Electric  Company  Attenuator 


Figure  18.  Twenty-One  Block  Test  Set. 
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9 .  Wayne  Kerr  Wide -Band  Attenuator, 

Model  Q251. 

10.  Ultrasonic  Transducers  as  listed  in 
Table  3. 

MATERIAL  AND  TEST  SAMPLES 

The  samples  which  were  tested  to  determine  acoustical  properties  are  listed  in 
Table  4.  These  twenty-one  (21)  block  sets  contained  test  blocks  of  three  different 
lengths  and  seven  (7)  different  hole  sizes  as  shown  in  the  above  referenced  table. 
Except  for  the  0.875  inch  blocks  where  the  test  hole  depth  was  0.37  5  inches,  the 
block  diameter,  surface  finish,  and  all  tolerances  for  the  twenty-one  (21)  block  sets 
are  the  same  as  those  given  in  Figure  2,  Section  II.  A  twenty-one  (21)  block  test 
set  is  shown  in  Figure  18. 

In  addition,  specially  machined  samples  were  fabricated  from  the  eight  materials 
listed  above  and  nine  materials  from  previous  contracts.  Parallelism  of  the  sample 
surfaces  was  maintained  within  0.0001  inches  per  inch.  Two  samples  0.500  inches 
and  two  samples  0.250  inches  were  made  from  each  material.  These  samples  were 
used  to  establish  sonic  velocity  and  attenuation  values  using  the  Attenuation  Com¬ 
parator.  Table  5  lists  the  materials  used  from  previous  contracts. 

TEST  PROCEDURES 

A.  VELOCITY  AND  IMPEDANCE 

The  acoustic  impedance  of  a  material  determines  the  amount  of  sonic  energy 
transmitted  and  reflected  at  interfaces  between  the  material  and  some  other  given 
medium,  e.g. ,  water.  It  is  a  function  of  the  sonic  velocity  and  density  of  the  mater¬ 
ial. 


Velocity  was  measured  using  the  Attenuation  Comparator  method  described  in 
Appendix  III.  The  measurements  were  made  on  several  samples  of  each  material 
using  a  10.0  me  lithium  sulphate  transducer  and  the  densities  of  the  various  materials 
were  obtained  from  the  manufacturers  specifications.  The  specific  acoustic  imped¬ 
ance  was  then  calculated  using  the  following  relationship: 

Z  =  ^  V 

O 

where  ^  =  density,  Ib/in 

V  =  velocity,  in/sec 

Z  =  specific  acoustic  impedance,  Ib/in^sec 

The  results  of  these  measurements  are  tabulated  in  Table  6. 

The  energy  loss  between  front  and  back  reflections  due  to  impedance  mismatch 
was  calculated  for  each  material  from  the  following  relationships: 
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TABLE  3 


TRANSDUCERS  USED  TO  MEASURE  ACOUSTICAL  PROPERTIES 

MANUFACTURER 

TYPE 

FREQUENCY 

Megacycles 

DIAMETER 

Inches 

Immersed  Style 

Automation  Industries 

Lithium 

Sulphate 

2.25 

0.75 

Automation  Industries 

Lithium 

Sulphate 

5.0 

0.375 

Automation  Industries 

Lithium 

Sulphate 

5.0 

0.75 

Automation  Industries 

Lithium 

Sulphate 

10.0 

0.375 

Automation  Industries 

Lithium 

Sulphate 

10.0 

0.75 

Automation  Industries 

Lithium 

Sulphate 

15.0 

0.375 

Automation  Industries 

Quartz 

25.0 

0.375 

Contact  Style* 

Sperry  Products 

X-Cut 

Quartz 

3.0 

0.50 

Sperry  Products 

X-Cut 

Quartz 

5.0 

0.50 

Sperry  Products 

X-Cut 

Quartz 

7.0 

0.50 

Sperry  Products 

X-Cut 

Quartz 

9.0 

0.50 

*These  crystals  were  used  with  the  Sperry  Attenuation  Comparatoro 
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*dimension  '‘L„“  in  Figure 


TABLE  5 


ATTENUATION  SAMPLES  -  MATERIALS  FROM  PREVIOUS  CONTRACTS 

MATERIAL* 

ORIGINAL  MATERIAL 
FORM 

HEAT  TREAT  CONDITION 

707  5  Aluminum 

RB 

T-6 

7075  Aluminum 

EB 

T-6 

7075  Aluminum 

FB 

T-6 

7075  Aluminum 

RP 

T-6 

4340  Alloy  Steel 

FB 

180,000  psi 

403  Stainless  Steel 

FB 

Air  Hardened 

6  A1-4V  Titanium  Alloy 

FB 

Solution  Treated  and 
Aged 

2014  Aluminum 

RB 

T-6 

2024  Aluminum 

RB 

T-4 

7079  Aluminum 

FB 

Annealed 

J-1  Magnesium 

EB 

As  Extruded 

AZ-31B  Magnesium 

EB 

As  Extruded 

RB  -  rolled  bar  FB  -  forged  bar 

RP  -  rolled  plate  EB  -  extruded  bar 


*NOTE;  The  grain  direction  was  longitudinal  for  all  samples.  Two  samples,  one 
0.250  and  one  0.500  Inches  thick,  were  tested  for  each  material  and  form  listed. 
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T  =  1  -  R 


D  -  10  IoQjq  R  (one  face  of  sample 

T  ^  submerged) 

where  Z  =  specific  acoustic  impedance  of  metal 

2  lb/in2-sec 

2  =  specific  acoustic  impedance  of  water, 

^  0.213  X  10^  Ib/in'^-sec 

R  =  reflection  coefficient  (water  to  metal) 

T  =  transmission  coefficient  (water  to  metal) 

D  =  water/metal  impedance  loss,  in  decibels. 

The  results  of  these  calculations  are  listed  in  Table  6.  The  methods  used  to 
find  this  loss  experimentally  are  contained  in  Appendix  III,  Measurements  of  Acous¬ 
tical  Properties . 

The  energy  loss  attributed  to  the  reflection  coefficient  was  calculated  from: 

R  =  i0  1og,._J^ 
d  10 

where  R,  =  reflection  coefficient  loss ,  decibels 

d 

R  =  reflection  coefficient  (water/metal) 

Direct  measurements  of  were  obtained  using  the  Attenuation  Comparator  method 
described  in  Appendix  III. 

B.  ATTENUATION  MEASUREMENTS 

Two  types  of  test  blocks  were  used  for  attenuation  measurements.  First,  the 
twenty-one  (21)  block  sets  were  tested  and  second,  special  blocks  which  had  been 
machined  from  materials  used  on  previous  contracts  were  tested.  These  special 
blocks  were  0.250  and  0.500  of  an  inch  long.  The  machining  tolerance  was  ±0.0001 
of  an  inch  per  inch  parallelism  of  the  reflecting  surfaces. 

Three  techniques  were  used  to  measure  attenuation  of  the  twenty-one  (21)  block 
sets  by  the  immersion  method.  These  techniques  were  (1)  Front  Surface  to  First  Back 
Echo,  (2)  Successive  Back  Echo,  and  (3)  Attenuation  Comparator.  Detailed  procedures 
for  these  techniques  are  described  in  Appendix  III.  The  test  frequencies  were  2.25, 

5 . 0  and  10.0  me . 
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The  special  0.250  and  0.500  of  an  inch  blocks  were  tested  using  the  Attenua¬ 
tion  Comparator  technique  employing  contact  transducers.  Measurements  of  these 
special  blocks  were  also  obtained  by  the  immersed  method  using  the  Successive 
Back  Echo  technique  and  the  Attenuation  Comparator  technique.  Test  frequencies 
for  the  contact  method  ranged  from  5  to  64  me.  Contact  readings  at  2.25  me  were 
obtained  using  the  Branson  Sonoray. 

The  values  of  apparent  attenuation  listed  in  Table  7  are  average  values  of  all 
the  readings  obtained  using  immersed  techniques  for  each  material.  Figure  19  shows 
a  graph  of  attenuation  versus  test  frequency  for  data  obtained  using  the  contact 
method . 


C.  RELATIONSHIP  OF  FLAW  SIZE  TO  ENERGY  LOSSES 


When  the  attenuation  measurements  had  been  completed,  flat  bottom  holes  were 
drilled  in  the  twenty-one  (21)  block  test  sets.  The  hole  sizes  were  2,  3,  4,  5,  6, 

7 ,  and  8/64  of  an  inch  diameter  for  each  of  the  three  metal  distances  as  listed  in 
Table  4. 

Using  the  reflected  signal  from  the  5/64  inch  diameter  flat  surface  contained 
within  each  alloy  (set  of  test  blocks),  a  reference  signal  height  of  1 . 5  inches  was 
established  with  a  predetermined  value  of  attenuation  (decibels)  inserted  into  the 
input  line  to  the  receiver  of  the  instrument.  After  normalizing  the  transducer,  the 
attenuation  was  either  increased  or  decreased  so  that  the  reference  signal  height 
was  maintained  when  test  hole  diameters  of  2,  3,  4,  6,  7  and  8/64  of  an  inch  were 
observed.  This  system  provided  ^  means  for  the  differences  in  signal  amplitude  to 
be  evaluated  in  terms  of  decibels  in  relation  to  a  reference  hole  size.  Test  frequen¬ 
cies  were  2.25,  5.0  and  10.0  me.  Tables  9,  10  and  11  show  the  results  obtained. 

In  order  to  relate  one  material  to  another  further  tests  were  performed.  In  these 
tests  the  5/64  of  an  inch  test  hole  in  7075-T6  aluminum  was  used  as  the  reference 
signal.  A  predetermined  value  of  attenuation  was  placed  in  the  receiver  line.  The 
5/64  of  an  .inch  test  holes  were  observed  at  corresponding  metal  distances  in  the 
materials  being  compared  with  aluminum.  The  attenuation  was  then  increased  or  de¬ 
creased  to  obtain  a  signal  amplitude  equal  to  the  1.5  inches  reference  height  using 
aluminum  test  blocks.  Test  frequencies  of  2.25,  5.0  and  10.0  me  were  used.  The 
results  of  these  measurements  are  shown  in  Table  12. 

Several  tests  were  made  to  verify  the  correction  method.  The  5/64  of  an  inch 
diameter  test  holes  in  a  set  of  7075-T6  aluminum  test  blocks  were  used  as  the  refer¬ 
ence  signal.  The  8/64  of  an  inch  test  holes  in  a  set  of  4130  N  steel  blocks  was 
compared  to  the  aluminum.  Both  3/8  and  3/4  of  an  inch  transducers  were  used  to  de¬ 
termine  the  effects  of  beam  spreading.  Several  other  materials  were  evaluated  using 
randomly  selected  test  blocks . 

To  perform  these  tests  the  signal  from  the  "unknown"  was  adjusted  to  1.5  inches 
amplitude  on  the  cathode  ray  tube  with  a  predetermined  value  of  attenuation  in  the 
receiver  line  (10  db  for  these  tests).  Leaving  the  gain  as  adjusted,  the  signal  was 
observed  from  the  aluminum  block  with  comparable  metal  distance.  Attenuation  was 
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then. increased  or  decreased  to  obtain  the  1.5  inch  reference  height.  The  measured 
attenuation  difference  was  recorded  and  the  value  compared  with  the  value  calcula¬ 
ted  using  the  correction  factor.  The  results  are  shown  in  Table  13. 

Where  the  defect  size  is  not  known  as  in  normal  inspection,  a  slightly  different 
approach  can  be  followed  in  applying  the  correction  factor.  In  that  case,  assume  a 
defect  size  of  5/64  of  an  inch  (the  same  as  the  reference  blocks)  and  obtain  a  mea¬ 
sured  attenuation  difference  as  in  the  tests,  described  above.  The  calculated  correc¬ 
tion  factor  in  this  evaluation  will  be  C.F.  =  -  Dg)  +  (®<x  Subtract  the 

measured  value  from  the  calculated  value  assuring  that  the  sign  of  this  quantity  is 
correct.  Depending  upon  the  test  frequency,  look  in  Tables  9,  10  or  11  to  determine 
the  aptual  defect  size. 

All  ultrasonic  tests  for  this  part  of  the  investigation  were  performed  in  the  special 
research  tank  shown  in  Figure  1.  The  water  distance  was  maintained  constant  at  1.75 
inches . 

D.  LENGTH  AND  NUMBER  OF  BACK  REFLECTIONS 

The  probable  correlation  of  information  from  multiple  back  surface  reflections 
and  acoustical  properties  prompted  some  investigation  in  this  area.  The  number  of 
A-Scan  multiples  of  the  back  surface  echo  and  the  cumulative  lengths  (heights)  of 
these  signals  was  obtained.  The  average  number  of  back  echos  and  an  average  cum¬ 
ulative  signal  heights  were  determined  using  seven  test  blocks  of  each  material  be¬ 
fore  the  flat  bottomed  holes  were  drilled. 

The  sensitivity  setting  used  for  all  the  tests  gave  one  back  reflection  of  50  per¬ 
cent  amplitude  using  a  2.5  inch  Inconel  X  test  block.  Although  not  having  the  high¬ 
est  attenuation.  Inconel  X  did  have  the  greatest  total  energy  loss  from  impedance 
and  attenuation  combined.  The  tests  were  made  at  2.25,  5.0  and  10.0  me.  It  was 
not  possible  to  make  tests  at  higher  frequencies  due  to  high  energy  losses  in  some 
materials.  Limited  data  was  obtained  from  the  2.50  and  6.50  inch  test  blocks  due 
to  increased  losses  caused  by  longer  metal  travel.  The  results  of  these  tests  are 
shown  in  Table  14. 

RESULTS  AND  DISCUSSION 

In  order  to  account  for  variations  in  energy  losses  from  one  material  to  another, 
it  was  necessary  to  refer  to  differences  between  the  losses  that  result  from  (1)  im¬ 
pedance  mismatch,  (2)  attenuation,  and  (3)  the  amount  of  energy  returning  from  a 
known  size  defect  in  the  case  where  standard  test  blocks  of  only  one  hole  size  were 
used. 

The  results  of  investigations  to  determine  the  various  .losses  are  discussed  be¬ 
low.  Once  these  were  found,  differences  in  response  from  one  material  to  another 
could  be  expressed  in  terms  of  correction  factors.  Thus,  a  relationship  could  be  de¬ 
rived  enabling  the  use  of  test  blocks  made  of  one  metal  to  estimate  the  size  of  de¬ 
fects  in  another. 
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Known  variables  which  could  be  measured  and  compensated  for  were  then  incor¬ 
porated  into  the  following  expression: 


C.F.  =  (Dj^.  -  Dg)  +  -.C<g)2L  +  (Hg  -  H^) 

where  C.F.  =  correction  factor,  decibels 

Dj.  =  impedance  mismatch  loss  {Material  x) , 
decibels 

Dg  =  impedance  mismatch  loss  (Standard  block) , 
decibels 

X  =  attenuation  coefficient  (Material  x) , 
decibel  s/inch 

g  =  attenuation  coefficient  (Standard  block) , 
decibels/inch 

L  =  metal  travel,  inches 

Hs  -  Hjj  =  difference  in  unknown  flaw  size  and  5/64 

of  an  inch  test  holes  in  Material  x,  decibels. 

The  correction  factor,  C.F.,  indicates  the  attenuation  which  must  be  added  (+) 
to  or  removed  (-)  from  the  receiver  line  using  a  test  configuration  as  shown  in  Figure 
77 ,  Appendix  III. 

Tests  to  verify  the  use  of  the  correction  factor  are  discussed  in  Section  III,  C, 
which  follows. 

Some  precaution  in  using  the  attenuator  is  required.  Readings  should  be  obtained 
beginning  with  some  attenuation  load  in  the  receiver  line,  e.g. ,  10  or  15  db.  This 
must  be  done  so  that  no  readings  are  obtained  without  an  electrical  load  in  the  receiv¬ 
er  line.  The  actual  difference  in  attenuation  with  and  without  a  load  is  several  deci¬ 
bels  greater  than  indicated.  However,  the  attenuator  is  quite  accurate  in  comparing 
differences  while  the  receiver  line  is  loaded.  Also,  comparisons  must  be  made  using 
the  same  frequency,  transducer  diameter  and  water  distance  to  test  both  materials. 

Many  variations  of  the  method  outlined  above  are  possible.  However,  the  tables 
and  data  in  this  report  present  values  which  can  be  substituted  directly  in  the  form¬ 
ula  without  any  change  of  sign  or  other  consideration. 

The  tests  used  to  obtain  the  various  factors  are  discussed  in  the  following  sec¬ 
tions. 
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A.  VELOCITY  AND  IMPEDANCE 


For  sound  velocity  measurements  the  Attenuation  Comparator  method  appeared  to 
be  fairly  accurate  when  the  material  samples  were  accurately  machined.  For  example, 
the  faces  of  the  sample  whose  velocity  is  being, measured  must  be  flat  and  para.llel 
within  ±0.0005  inches  per  inch  in  order  to  prevent  a  180°  phase  change  in  the  echo 
pattern.  This  phase  difference  can  occur  if  non -parallelism  exists  and  thus  give  an 
erroneous  velocity  measurement. 

It  was  found  that  the  samples  between  3/8  and  5/8  inch  in  thickness  were  most 
suitable  for  obtaining  a  maximum  number  of  back  echoes  to  calculate  the  average 
time  for  the  sound  pulse  to  make  one  round  trip.  More  precise  velocity  measurements 
were  obtained  on  materials  with  low  attenuation  losses.  These  samples  presented 
longer  back  echo  patterns,  thus  allowing  more  readings  to  be  obtained. 

Acoustic  impedance  values  were  obtained  by  calculation  from  the  velocity  and 
density  values  for  each  material.  Any  discrepancies  in  measured  velocities  affect 
calculated  impedance  values  directly.  The  precautions  observed  to  obtain  velocity 
measurements  necessarily  applied  to  impedance. 

The  measured  longitudinal  wave  velocities  are  shown  in  Table  6.  Those  values 
represent  an  average  of  several  readings  from  two  samples  of  each  material.  Specif¬ 
ic  acoustic  impedance  and  several  other  properties  calculated  from  impedance  values 
are  also  included  in  Table  6. 

B.  ATTENUATION 

The  indicated  (or  apparent)  attenuation  coefficients  are  listed  in  Tables  7  and  8. 
For  the  purposes  of  this  investigation  the  apparent  attenuation  included  those  losses 
due  to  true  absorption,  sound-beam  geometry,  scattering,  and  certain  diffraction  ef¬ 
fects.  Most  of  these  loss  factors  remain  approximately  constant  for  each  material  at 
each  frequency,  however,  the  beam  geometry  losses  vary  with  metal  travel  and  trans¬ 
ducer  size  at  each  test  frequency.  Thus,  the  same  transducer  diameter  and  compar¬ 
able  metal  distances  must  be  used  to  make  valid  comparisons.  In  normal  ultrasonic 
inspection  procedures  the  effects  of  all  these  losses  would  be  observed.  The  atten¬ 
uation  coefficients  in  Tables  7  and  8  include  these  losses. 

It  was  found  that  the  loss  at  2.25  me  was  usually  larger  than  at  5.0  or  10.0  me. 
This  was  probably  the  result  of  beam-geometry  losses  which  were  greater  at  the  lower 
test  frequencies  resulting  in  high  apparent  attenuation. 

In  some  cases  the  length  of  the  test  blocks  seemed  to  influence  the  apparent 
attenuation  nonlinearly.  For  instance,  it  was  observed  that  the  signal  returning  from 
the  front  surface  of  thin  specimens  (0.250  and  0.500  of  an  inch)  sometimes  inter¬ 
fered  with  the  first  signal  returning  from  the  back  surface.  Thus,  when  using  the 
Front  Surface  to  First  Back  Echo  technique,  the  apparent  attenuation  loss  was  greater 
than  that  observed  using  other  techniques.  On  these  shorter  blocks  both  the  Succes¬ 
sive  Back  Echo  method  and  the  Attenuation  Comparator  methods  appeared  to  be  more 
reliable . 
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Figure  19.  Attenuation  vs.  Test  Frequency,  Contact  Method 


Another  important  factor  in  evaluating  one  material  with  another  is  the  impedance 
loss  in  comparison  to  the  attenuation  loss  at  normal  test  frequencies.  In  most  cases 
the  impedance  loss  was  much  larger  than  the  attenuation  loss.  For  example,  when 
inspecting  4130  steel  the  loss  due  to  the  impedance  mismatch  with  water  was  about 
17  decibels  while  the  attenuation  loss  was  less  than  one  decibel  per  inch  of  metal 
travel  at  test  frequencies  of  2.25,  5.0  and  10,0  me.  It  is  seen,  then,  that  consid¬ 
erable  caution  is  required  for  accurate  attenuation  measurements. 

The  apparent  attenuation  measured  in  the  0.250  and  0.500  of  an  inch  thick  blocks 
was  found  to  be  larger  than  that  obtained  from  the  longer  (0.875,  1.75  and  5.75  inches) 
twenty-one  block  sets  at  all  frequencies.  See  Tables  7  and  8.  This  variance  in  test 
results  was  apparently  caused  by  energy  losses  occurring  at  the  water-metal  or  metal- 
air  interfaces  that  were  not  accounted  for  by  ordinary  reflection  losses.  Thus,  on 
shorter  samples  where  attenuation  measurements  were  averaged  from  a  greater  num¬ 
ber  of  back  echoes  (reflections)  the  loss  resulted  in  somewhat  higher  values  of 
apparent  attenuation  since  it  was  not  accounted  for  by  the  reflection  loss,  Rd. 

Measurements  of  attenuation  losses  were  also  made  using  the  contact  method. 

It  is  felt  that  these  results  were  not  as  reliable  as  those  obtained  by  immersed  tech¬ 
niques.  When  using  direct  coupling  of  the  transducer  to  specimen  through  a  thin 
film  of  glycerin  or  light  oil  a  consistent  thickness  of  couplant  film  was  difficult  to 
obtain  so  that  a  margin  of  error  was  introduced.  The  results  obtained  are  shown  in 
Figure  19  where  attenuation  versus  test  frequency  is  plotted.  It  was  interesting  to 
observe  that  the  attenuation  values  were  nearly  the  same  for  all  materials  at  2.25  me, 
and  at  5.0  me  the  difference  was  still  small.  However,  above  10.0  me  there  was  a 
great  difference.  In  fact,  the  high  attenuation  of  several  of  the  materials  would  make 
inspection  quite  difficult  at  the  higher  frequencies. 

C.  RELATIONSHIP  OF  FLAW  SIZE  TO  ENERGY  LOSSES 

Using  the  twenty-one  (21)  block  test  sets  the  relationship  between  the  different 
hole  sizes  in  each  set  was  measured  in  terms  of  decibels  with  reference  to  the  5/64 
of  an  inch  test  hole  in  the  test  set.  Also,  the  5/64  of  an  inch  test  holes  in  all  other 
materials  were  compared  to  those  in  the  707  5-T6. 

The  information  obtained  was  used  to  determine  corrections  to  be  applied  to  a 
standard  reference  test  block  set  to  account  for  differences  both  in  material  and  in 
hole  size  at  frequencies  of  2.25,  5.0  and  10.0  me. 

Tables  9,  10  and  11  show  the  attenuation  required  (added  or  removed  from  the 
receiver  line)  for  the  signal  from  a  3,  4,  6,  7  or  8/64  of  an  inch  test  hole  to  equal 
the  1.5  inch  reference  signal  height  obtained  from  a  5/64  of  an  inch  test  hole  at 
three  different  length  blocks  of  each  material. 

It  was  found  that,  generally,  the  difference  in  signal  amplitude  that  existed  be¬ 
tween  the  5/64  hole  and  any  one  of  the  other  sizes  remained  relatively  constant  for 
all  three  test  block  lengths.  The  differences  were  about  the  same  using  2.25,  5.0 
or  10.0  me  test  frequencies.  Although  at  10.0  me  the  difference  between  reflected 
signals  from  the  5/64  and  8/64  of  an  inch  test  holes  was  slightly  less  than  observed 
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TABLE  9 


SIGNAL  AMPLITUDE  FROM  VARIOUS  TEST  HOLES  COMPARED  TO  5/64  INCH 

TEST  HOLES,  2.25  me. 

DIFFERENCE  IN  SIGNAL  AMPLITUDE,  decibels 


MATERIAL 

1 

TEST  HOLE  DIAMETER 

,  inches 

3/64 

4/64 

6/64 

7/64 

8/64 

7075-T6 

-9 

-2 

+3.5 

+6.5 

+^ 

4130 

— 

-3 

+3 

+5 

+8 

V-1000 

— 

-3.5 

+3 

+5.5 

+7 

17-4  PH 

— 

— 

+4 

+7 

+8 

Inconel  X 

-8 

-4 

+2 

+4 

+8 

Ti-IOOA 

-5 

-3 

1 

+4 

+5.5 

+8.5 

C.P.  Mo 

-2 

+6 

+7 

+9 

ZK  60 

-8.5 

-4.5 

+3 

+6 

_ 1 

+7.5 

TABLE  10 

SIGNAL  AMPLITUDE  FROM  VARIOUS  TEST  HOLES  COMPARED  TO  5/64  INCH 

TEST  HOLES,  5.0  me. 


DIFFERENCE  IN  SIGNAL  AMPLITUDE,  decibels 


MATERIAL 

TEST  HOLE  DIAMETER 

,  inches 

3/64 

4/64 

6/64 

7/64 

8/64 

7075-T6 

-11.5 

-3 

+3 

+5.5 

+9 

4130 

— 

-3 

+3 

+5 

+8 

V-IOOO 

— 

-3.5 

+3.5 

+6 

+8 

17-4  PH 

-7 

-3 

+4 

+7.5 

+10 

Inconel  X 

-8 

-3 

+3 

+6 

+7.5 

Ti-IOOA 

-11.5 

-4.5 

+3.5 

+5 

+7 

C.P.  Mo 

-6 

-3 

+5 

+7.5 

+9 

ZK  60 

-10 

-4 

+4 

+7 

+9 
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TABLE  11 


SIGNAL  AMPLITUDE  FROM  VARIOUS  TEST  HOLES  COMPARED  TO  5/64  INCH 

TEST  HOLE  DIAMETER,  10.0  me. 

DIFFERENCE  IN  SIGNAL  AMPLITUDE 

decibels 

MATERIAL 

TEST  HOLE  DIAMETER 

inches 

3/64 

4/64 

6/64 

7/64 

8/64 

7075-T6 

-7 

-2 

+3 

+4.5 

+7 

4130 

-a 

-3 

+3 

+5.5 

+8 

V-1000 

-8.5 

-4 

+3 

+6 

+7 

17-4  PH 

-10 

-4 

+2.5 

+4 

+5.5 

Inconel  X 

-9 

-1.5 

+1 

+1.5 

+3 . 5 

Ti-IOOA 

-8.5 

-3 

+2 

+4.5 

+4 . 5 

ZK  60 

-9 

-4 

+3.5 

+5 

+7.5 
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at  5.0  or  2.25  me.  The  difference  was  not  large  enough  to  be  significant  for  most 
evaluations.  This  difference  would  probably  decrease  further  to  ?ome  minimum  differ¬ 
ence  if  the  test  frequency  were  increased.  In  that  event,  the  reflected  patterns  would 
become  narrower  (less  beam  spreading)  until  a  frequency  was  reached  where  the  size 
of  the  reflected  beams  equaled  the  transducer  size.  The  difference  in  reflected  signals 
should  then  remain  constant  as  the  frequency  was  increased  further. 

In  all  materials  the  average  difference  between  a  3/64  and  5/64  of  an  inch  test 
hole  was  8.5  decibels  while  the  average  difference  between  the  5/64  and  8/64  of  an 
inch  test  holes  was  7.5  decibels.  Thus,  if  the  reflection  losses  and  attenuation  are 
known  corrections  can  be  made  to  include  different  hole  sizes  when  comparing  differ¬ 
ent  materials. 

The  signal  strength  obtained  from  the  majority  of  the  2/64  inch  diameter  hole 
sizes  was  not  great  enough  to  be  monitored  simultaneously  with  the  other  test  blocks. 
Consequently,  no  data  from  test  blocks  wdth  these  hole  sizes  is  reported.  At  test 
frequencies  of  2.25  and  5.0  me,  when  evaluating  test  blocks  with  the  smallt^r  hole 
sizes  insufficient  signal  strength  was  obtained  from  some  blocks. 

Table  12  shows  the  difference  in  signal  amplitude  (in  decibels)  of  5/64  of  an 
inch  test  holes  in  the  other  twenty-one  (21)  block  sets  compared  to  the  5/64  of  an 
inch  test  holes  in  7075-T6  aluminum.  Both  calculated  and  measured  values  are 
shown. 

The  calculated  values  were  obtained  using  the  correction  factor, 

C.F.  =  (Dj,  -Dg)  +(cXx  -«s)2L +  (Hg  -  H^). 

The  third  term  was  zero  since  the  test  holes  in  the  materials  was  5/64  of  an  inch  diam¬ 
eter.  It  was  found  that  the  measured  loss  closely  approximated  the  calculated  loss 
using  the  1.75  inch  test  blocks.  The  responses  were  somewhat  erratic  on  the  0.500 
of  an  inch  test  blocks  suggesting  the  possibility  of  "near"  zone  effects.  On  the  longer 
blocks  only  the  10  me  signals  could  be  monitored  using  the  7075-T6  as  the  reference 
material.  Since  most  of  the  materials  tested  have  higher  impedance  losses  than  the 
aluminum  better  results  in  this  frequency  range  might  be  obtained  using  4130  steel  as 
the  reference  alloy. 

Table  13  shows  the  results  of  tests  to  verify  the  use  of  the  Correction  Factor, 

C.F. ,  for  flaw  evaluation.  Generally,  the  measured  results  agreed  quite  well  with 
calculated  values.  Through  the  range  of  metal  distances  tested,  the  measurements 
were  sufficiently  accurate  to  provide  a  means  for  defect  evaluation. 

Several  precautions  should  be  observed  in  attempting  to  use  this  evaluation  tech¬ 
nique.  It  was  found  that  the  reference  blocks  should  have  a  smooth  Amplitude-Distance 
curve.  A  defective  test  block  could  result  in  acceptance  of  material  which  might  other¬ 
wise  be  rejected. 

It  was  also  found  that  the  reflected  signal  from  the  defect  should  be  large  enough 
to  saturate  the  A-Scan  display.  The  gain  can  then  be  reduced  to  provide  a  signal  of 
about  1.5  inches  height  for  evaluation.  Weak  signals  can  result  in  gross  inaccuracies. 
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TABLE  13 


VERIFICATION  OF  CORRECTION  FACTOR  AT  5.0  MC  USING  5/64  -  707  5-T6  ALUMINUM 
REFERENCE  BLOCKS  AND  8/64  -  4130N  STEEL  TEST  BLOCKS 

Metal 

Distance 

C. 

F.,  decibels 

3/4  Inch  Diameter 

Quartz  Transducer 

3/8  Inch  Diameter 

Lithium  Sulphate  Transducer 

Inches 

Calculated 

Measured 

Difference 

Measured 

Difference 

1/2 

-0.01 

0 

+0.01 

-0.5 

-0.49 

5/8 

-0.02 

-0.5 

-0.48 

0 

+0.02 

3/4 

-0.02 

-1.0 

-0.98 

-1.0 

-0.98 

7/8 

-0.03 

0 

+0.03 

0 

+0.03 

1 

-0.04 

-1.0 

-0.96 

0 

+0.04 

1-1/4 

-0.05 

+1.0 

+1.05 

-0.5 

+0.55 

1-3/4 

-0.08 

0 

+0.08 

-2.0 

-1.92 

2-1/4 

-0.11 

+2.0 

+2.11 

0 

+0.11 

2-3/4 

-0.14 

+0.5 

+0.64 

0 

+0.14 

3-1/4 

-0.17 

+0.5 

+0.67 

-2.0 

-1.83 

3-3/4 

-0.20 

0 

+0.20 

-0.5 

-0.30 

4-1/4 

-0.23 

+1.0 

+1.23 

+1.0 

+1.23 

4-3/4 

-0.26 

+0.5 

+0.76 

+1 . 5 

+1.76 

5-1/4 

-0.29 

+1.0 

+1.29 

+1.0 

+1.29 

5-3/4 

-0.32 

0 

+0.32 

-1.5 

-1.18 
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The  use  of  a  3/8  of  an  inch  diameter  transducer  at  5.0  me  apparently  did  not  affect 
the  results.  The  equivalent  beam  diameter  at  5.0  me  in  aluminum  was  about  7.5  wave¬ 
lengths.  It  is  expected  that  any  further  decrease  in  transducer  size  would  affect  the 
test  results  appreciably  since  beam  spread  would  be  increased. 

Additional  tests  of  other  materials  were  made  choosing  test  blocks  at  random  from 
sets  used  for  this  contract.  Evaluation  was  made  knowing  only  the  material  being  test¬ 
ed.  The  results  obtained  were  acceptable  for  normal  inspection  procedure  and,  in  fact, 
were  quite  accurate. 

It  seems  that  evaluation  of  defects  in  most  materials  could  be  performed  using  one 
set  of  reference  blocks  if  the  attenuation  and  impedance  losses  of  the  material  being 
tested  are  known. 

D.  LENGTH  AND  NUMBER  OF  BACK  REFLECTIONS 

The  cumulative  height  in  inches  and  the  number  of  back  surface  reflections  were 
recorded  for  the  0.87  5  inch  blocks.  Similar  data  was  attempted  from  the  other  two  test 
block  sizes  (2,50  and  6.50  inches).  Generally,  an  insufficient  number  of  back  echoes 
was  obtained  to  make  any  valid  determinations  using  the  longer  blocks. 

Some  correlation  seemed  to  exist  between  (1)  the  attenuation  loss,  (2)  the  imped¬ 
ance  mismatch  loss  and  the  decay  pattern  of  the  back  echos.  Materials  with  the  high¬ 
er  reflection  coefficients  generally,  displayed  a  higher  number  of  back  echos.  The 
cumulative  signal  height  was  not  greater,  however.  Where  attenuation  values  were 
comparatively  high  the  number  of  back  reflections  and  the  cumulative  heights  decreased 
rapidly  as  the  test  frequency  was  increased.  Inconel  X  and  Ti-IOOA  were  good  examples 
of  this  . 

The  samples  of  7  075-T6  aluminum  and  ZK-60  magnesium  had  the  smallest  number  of 
back  reflections.  These  materials  also  had  the  lowest  losses  due  to  impedance  mis¬ 
match.  The  attenuation  values  were  also  low  for  these  materials.  The  effects  of  the 
low  attenuation  values  were  observed  in  the  slight  increase  in  signal  height  and  num¬ 
ber  of  back  reflections  as  the  frequency  was  increased.  The  probable  cause  for  the 
increases  was  less  loss  due  to  beam  spreading  as  the  frequency  increased. 

Comparative  information  is  easily  available  observing  the  number  and  height  of 
back  reflections,  however,  accurate  measurements  of  attenuation  or  impedance  losses 
would  require  additional  study.  It  is  possible  that  a  constant  or  some  factor  could  be 
obtained  from  this  data  which  would  yield  information  regarding  the  attenuation  and 
impedance  losses.  Although,  attempts  to  relate  the  data  directly  to  energy  losses 
were  not  fruitful . 

CONCLUSIONS 

It  was  found  that,  generally,  the  energy  loss  due  to  impedance  mismatch  with 
water  was  quite  high  compared  to  the  energy  loss  due  to  attenuation  within  the  material. 
The  attenuation  losses  measured  include  factors  such  as  beam  spreading  and  diffrac¬ 
tion  affects. 
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TABLE  14 


BACK  REFLECTION  -  ENERGY  LOSS  DATA  OBTAINED  USING  0.875  INCH  BLOCKS 

MATERIAL 

NUMBER  OF  BACK 
REFLECTIONS 

TOTAL  SIGNAL 
HEIGHTS,  INCHES 

2.25 

5.0 

10.0 

2.25 

5.0 

10.0 

me 

me 

me 

me 

me 

me 

7075-T6 

9 

11 

10.4 

8,8 

10.6 

4130 

11 

12 

5.9 

4.6 

7'.  4 

Vascojet  1000 

20 

20 

24 

8.4 

8.5 

10.8 

17-4  PH 

22 

21 

25 

9.7 

11.8 

Inconel  X 

13 

9 

4 

6.3 

ig 

3.3 

C .  P .  Molybdenum 

24 

20 

10 

10.2 

m 

5.4 

ZK-60 

8 

9 

11 

9.5 

9.0 

12.6 

Ti-IOOA 

14 

5 

3 

8.2 

4.8 

3.0 
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In  the  ZK-6D  magnesium  specimens  the  apparent  attenuation  losses  were  observed 
to  decrease  as  the  test  frequency  was  increased.  It  would  seem  that  energy  losses 
due  to  beam  spreading  are  fairly  significant  in  materials  with  low  attenuation  values. 

This  would  include  most  of  the  materials  tested  since  the  apparent  energy  losses  were 
nearly  all  less  than  3  db/inch  even  at  10.0  me. 

Above  10.0  me  there  was  a  considerable  increase  in  apparent  attenuation  in  Ti-IOOA, 
Ti6-4,  Inconel  X  and  C.P.  Molybdenum.  In  this  range  of  frequencies  the  losses  due  to 
beam  spreading  are  lower,  thus  real  attenuation  is  higher. 

Of  the  immersed  techniques  employed  to  measure  attenuation  and  impedance  losses 
the  Successive  Back  Echo  and  Attenuation  Comparator  methods  appeared  to  be  more  re¬ 
liable.  Where  the  long  samples  were  used  the  Front  Surface  to  First  Back  Echo  was  the 
only  technique  which  was  useful.  Attenuation  measurements  using  the  contact  method 
were  not  felt  to  be  as  reliable  as  immersed  techniques.  However,  it  was  possible  to 
obtain  values  for  attenuation  at  frequencies  above  25  me  using  contact  techniques, 
whereas  this  was  not  possible  with  the  immersed  method. 

Using  the  twenty-one  (21)  block  test  sets  it  was  found  that  a  fairly  constant  differ¬ 
ence  in  signal  amplitude  was  reflected  from  the  different  size  test  holes  in  each  material. 
The  average  difference  between  reflected  signals  from  3/64  and  5/64  of  an  inch  test 
holes  was  8.5  decibels  while  the  average  difference  was  7.5  decibels  between  5/64 
and  8/64  of  an  inch  test  holes.  The  highest  test  frequency  was  10.0  me.  At  10.0  me 
the  difference  between  the  signals  reflected  from  5/64  and  8/64  of  an  inch  test  holes 
was  slightly  less  than  at  2.25  or  5.0  me.  If  the  test  frequency  was  increased  this 
difference  would  probably  decrease.  Thus,  if  the  figures  above  are  used  they  should 
be  applied  to  tests  at  10.0  me  or  lower. 

A  correction  factor  was  established  to  account  for  impedance,  attenuation  and  de¬ 
fect  size.  Thus,  making  possible  corrections  between  different  materials  for  evaluation 
of  defects.  The  correction  factor  was: 


where 


C.F.  =  -  Dg)  +  -«g)2L  +  (Hs  -  Hx) 

=  Material  x/water  impedance  loss ,  decibels 

Dg  =  Reference  standard/water  impedance  loss , 
decibels 

0<x  ~  Attenuation  loss  in  Material  x,  decibels/inch 

cXg  =  Attenuation  loss  in  reference  material, 
decibels/inch 


L  =  Metal  travel,  inches 

(Hg-H  )  =  Difference  in  signal  amplitude  between  a  5/64 

^  of  an  inch  and  selected  defect  size  in  Material 
X,  decibels. 
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The  correction  factor,  C.F. ,  indicates  the  attenuation  which  must  be  added  to  or 
removed  from  the  receiver  line  using  a  test  configuration  as  shown  in  Figure  77 . 

Tests  using  the  correction  factor  indicated  good  accuracy  throughout  the  range  of 
metal  distances  tested.  It  appears  that  the  technique  can  be  applied  to  evaluate  de¬ 
fects  during  normal  inspection  procedures.  The  economic  savings  when  evaluating 
exotic  materials  would  more  than  compensate  for  the  minimal  additional  equipment 
(attenuator)  and  time  required  . 

It  is  expected  that  further  use  and  investigation  of  this  evaluation  technique  will 
result  in  more  refined  measuring  techniques  and  acoustical  data.  However,  the  re¬ 
sults  presented  in  this  report  are  immediately  applicable. 

Comparative  information  about  impedance  and  attenuation  can  be  readily  obtained 
from  information  of  number  and  cumulative  heights  of  back  echos.  For  example,  a  low 
number  of  back  echos  combined  with  a  high  value  of  back  echo  heights  indicates  that 
the  material  has  a  low  impedance  value  and  a  low  attenuation  loss.  Direct  measure¬ 
ments  of  these  values  are  more  readily  obtained  using  present  techniques.  However, 
a  method  for  obtaining  quantitative  values  from  the  back  echo  information  appears 
within  reason.  Further  study  would  probably  allow  development  of  these  techniques. 
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SECTION  IV 


EVALUATION  OF  BEAM  COLLIMATORS  FOR  C-SCAN  RECORDING 

Earlier  work  completed  for  WADC  Technical  Report  59-466  discussed  the  use  of 
beam  collimators  and  reported  increased  signal  amplitude  where  the  collimated  beam 
was  the  same  diameter  as  the  first  Fresnel  zone. 

As  a  result  of  that  work  there  appeared  to  be  a  possibility  of  using  beam  colli¬ 
mators  for  C-Scan  recording.  Additional  testing  was  necessary  to  define  the  limits 
of  applicability,  however.  The  information  required  was  (1)  optimum  collimator 
diameters,  and  (2)  the  effect  of  variation  of  metal  distance  on  defect  presentation. 

It  was  also  thought  that  a  comparison  of  test  results  with  those  obtained  using 
focused  transducers  would  be  useful. 

This  section  describes  and  evaluates  the  tests  performed. 

EQUIPMENT 


1.  Curti  ss -Wright  Immerscope,  Model  424A, 
modified  (pulse  rate  variable  from  400  pps 
to  1600  pps) 

2.  Automation  Industries  Model  1047  Ultragraph 
Recorder 

3.  Automation  Industries  4'  x  15'  Immersion 
Tank  with  automatic  scanning  bridge  and 
facsimile  paper  recorder.  See  Figure  20 

4.  Ultrasonic  Transducers  as  listed  in  Table  15 

5.  Automation  Industries,  Type  110  Beam  Collimators, 
with  orifice  diameters  of  1/16,  1/8,  1/4,  3/8  and 
1/2  of  an  inch.  See  Figure  21 

MATERIAL  AND  TEST  SAMPLES 

A.  THICK  PLATE  TESTS 

1.  One  (1)  2 0 24 -T4  Aluminum  Plate  1-1/2  inches 
thick.  Configuration  as  shown  in  Figure  22 

B.  THIN  PLATE  TESTS 

1.  Three  (3)  2024-T4  Test  Plates,  1/4,  1/8,  and 
1/16  of  an  inch  in  thickness.  Configuration 
as  shown  in  Figure  23. 


51 


TABLE  15 


TRANSDUCERS  USED  IN  COLLIMATOR  TESTS 

MANUFACTURER 

TYPE 

FREQUENCY 

Megacycles 

DIAMETER 

Inches 

Automation  Industries 

Lithium 

Sulphate, 

Flat 

2.25 

0.75 

Automation  Industries 

Lithium 
Sulphate , 

Flat 

5.0 

0.75 

Automation  Industries 

Lithium 

Sulphate, 

Flat 

10.0 

0.75 

Automation  Industries 

Lithium 

Sulphate, 

Focused 

2.25 

0.75 

Automation  Industries 

Lithium 
Sulphate , 
Focused 

5.0 

0.75 

Automation  Industries 

Lithium 

Sulphate, 

Focused 

10.0 

0.75 
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Figure  20.  Facsimile  Paper  Recording  Equipment. 


Figure  21.  Ultrasonic  Beam  Collimators. 
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METAL  TRAVEL,  INCHES 

\‘V  \<t>  ,  V  \<b  v-v 

N  ■>  V  <0'  V  V  -V  -V  -V 


Metal  Travel 


3/64"  Flat  bottom 
hole 

5/64"  Flat  bottom 
hole 

8/64"  Flat  bottom 
hole 


NOTE:  ASTM  E127-58T  Recommended  Practice 
was  followed  where  applicable  in  machining 
this  block.  Orientation  is  the  same  as  all 
recordings  shown  in  Illustrations  which  follow. 


Figure  22. 


Sketch  of  Thick  Test  Plate, 


2024-T4  Aluminum. 


HOLE  SIZE ,  INCHES 


%  -v\  V  'b\ 


t/2 

t/4 


Plate 

Thickness 

A 

1/4" 

B 

1/8" 

C 

1/16" 

NOTE:  Plate  C,  1/16"  thick,  had  holes  at 
1/32"  only.  Orientation  is  the  same  as  aU 
illustrations  which  follow. 


Figure  23.  Sketch  of  Thin  Test  Plates,  2024-T4  Aluminum. 
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TEST  PROCEDURES 


A.  EVALUATION  OF  COLLIMATORS  FOR  PLAN  VIEW  RECORDING 

Test  1 .  Thick  Plate 

For  these  tests  the  1-1/2  inch  Test  Plate  was  used.  Facsimile  paper  recordings 
were  made  at  2.25,  5.0  and  10  me  using  first,  each  of  the  collimators,  and  then 
without  collimation.  Both  IF  and  Video  presentation  were  used  with  each  combina¬ 
tion  of  test  frequency  and  collimator  diameter. 

Water  travel  was  adjusted  so  that  the  collimator  was  l/l6  of  an  inch  or  less 
above  the  Test  Plate.  The  test  equipment  configuration  is  shown  in  Figure  24. 

The  recorder  sensitivity  and  instrument  gain  levels  were  adjusted  so  that  the 
3/64  of  an  inch  diameter  flat  bottom  hole  at  the  theoretical  flaw  depth  was  recorded 
as  near  actual  size  as  possible.  The  theoretical  flaw  depth  was  determined  by  the 
test  frequency  and  collimator  diameter.  Table  16  lists  the  depth-collimator  combina¬ 
tions  used.  Typical  A-Scan  signals  used  to  obtain  recordings  are  shown  in  Figure  24. 

Recordings  made  at  5.0  me  are  shown  in  Figures  26  through  31. 

Test  2 .  Thin  Plate 

Three  (3)  test  panels  with  laminar  type  defects  (flat  bottom  hole)  ranging  from 
3/64  of  an  inch  diameter  to  1  inch  diameter  were  recorded  .  Configuration  of  tire 
panels  used  is  shown  in  Figure  23.  The  test  frequencies  used  were  2.25,  5.0  and 
10.0  me.  A  1/4  of  an  inch  diameter  collimator  was  used  for  all  tests.  Two  record¬ 
ing  techniques  were  used,  (1)  gating  for  signals  reflected  directly  from  the  reference 
defects,  and  (2)  gating  for  presence  (or  absence)  of  signals  from  a  stainless  steel 
reflector  approximately  l/2  of  an  inch  below  the  test  plate.  Figure  25  illustrates 
this  technique.  The  collimator  was  1/16  of  an  inch  above  the  test  plate  for  all  re¬ 
cordings.  All  recordings  illustrated  were  made  using  the  IF  presentation.  Typical 
A-Scan  signals  observed  are  also  shown  in  Figure  25. 

The  recordings  of  thin  plates  shown  in  Figures  32  through  35  were  made  at  5.0 

me. 


B.  COMPARISON  OF  FOCUSED  TRANSDUCERS  FOR  RECORDING 

Test  1 .  Thick  Plate 

Recordings  of  the  1-1/2  inch  Test  Plate  were  made  using  the  focused  transducers 
listed  in  Table  15.  Test  frequencies  were  2.25,  5.0  and  10.0  me. 

Water  distance  was  adjusted  so  that  the  “usable  energy^  patterns  were  within 
the  test  plate.  Gain  and  sensitivity  levels  were  adjusted  for  optimum  presentation 
of  the  3/64,  5/64,  and  8/64  of  an  inch  diameter  flat  bottom  holes  within  the  "usable 
energy"  pattern. 
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TABLE  16 


COLLIMATOR  DIAMETERS*  USED  FOR  TEST  RECORDINGS 

METAL  DISTANCE 

TO  FLAW,  INCHES 

ORIFICE  DIAMETER 

INCHES 

2.25  me 

5.0  me 

10.0  me 

1/16 

1/8 

1/8 

1/16 

-  1/8 

1/4 

1/4 

1/8 

1/4 

3/8 

1/4 

1/8 

3/8 

3/8 

1/4 

1/8 

1/2 

1/2 

^8 

1/4 

5/8 

1/2 

3/8 

1/4 

3/4 

1/2 

3/8 

1/4 

7/8 

— 

3/8 

1/4 

1 

— 

3/8 

1/4 

1-1/4 

— 

1/2 

3/8 

♦Exact  diameter  of  first  Fresnel  zone  is  listed  in  WADD  TR  59-466,  pg,  25,  for  metal 
distances  up  to  5-3/4  inches. 
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A.  Test  Equipment  Configuration 


Figure  24.  Test  Configuration  and  Reflected  Signals  for  Direct  Recording  Technique. 
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B.  No  Defect 


C .  Defect  in  Plate 


Figure  25.  Test  Configuration  and  Reflected  Signals  for  Reflector  Recording  Technique. 
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Typical  recordings  are  shown  in  Figures  37  through  39. 

Test  2.  Thin  Plate 

The  thin  Test  Plates  as  listed  in  Paragraph  B,  Materials  and  Test  Samples,  were 
used.  Focused  transducers  used  were  3/4  of  an  inch  diameter,  litMum  sulphate. 

Test  frequencies  were  2.25,  5.0  and  10.0  me. 

Recordings  were  made  using  the  following  techniques: 

1.  Focus  on  plate,  gate  for  decrease  in  multiples 

2.  Focus  on  plate,  gate  for  loss  of  signal  from 
stainless  steel  reflector  approximately  1/2  of 
an  inch  below  test  plate 

3.  Focus  on  reflector,  gate  for  loss  of  signal 
from  reflector. 

Typical  recordings  are  shown  in  Figures  40  through  43. 

RESULTS  AND  DISCUSSION 

A.  EVALUATION  OF  COLLIMATORS 

In  WADC  Technical  Report  59-466  it  was  reported  that  increased  flaw  response 
was  obtained  where  the  beam  size  was  collimated  to  the  dimensions  (diameter)  of  the 
first  Fresnel  zone.  For  a  given  flaw  depth  and  test  frequency  the  pulse  energy  inci¬ 
dent  on  the  flaw  was  all  of  the  same  phase,  i.e.,  either  compression  or  rarefaction. 
Thus,  maximum  reflected  energy  was  obtained.  Optimum  orifice  size  was  determined 
from  the  relationship. 


D 

=  2  sfJT 

where 

D 

=  orifice  diameter,  inches 

d 

=  flaw  depth,  inches 

and 

=  wavelength,  inches. 

If  wavelength  ^  ,  and  flaw  depth,  d,  were  held  constant  any  orifice  diameter 
equal  to  or  smaller  than  that  determined  from  the  equation  above  would  result  in  all 
energy  incident  on  the  flaw  being  in  phase.  Conversely,  it  seems  that  if  orifice 
diameter  and  wavelength  (test  frequency)  were  fixed,  a  range  of  depths  would  exist 
where  the  energy  incident  on  the  flaw  would  be  in  phase.  Then,  a  series  of  colli¬ 
mators  of  different  diameters  could  be  used  to  inspect  a  large  range  of  flaw  depths. 
The  test  results  discussed  below  indicated  that  that  was  the  case. 

Tests  for  previous  report  WADC  TR' 59-466  used  optimum  collimator  diameters 
which  were  calculated  for  each  flaw  depth  observed.  Flaw  depth  ranges  where 
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collimation  was  beneficial  (increased  signal  height  20%  or  more)  are  listed  in  Table 
17.  The  5-3/4  inch  depth  listed  in  the  table  as  the  limit  at  10.0  roc  was  actually 
the  maximum  depth  tested . 


TABLE  17 


MAXIMUM  FLAW  DEPTH  FOR  BENEFICIAL  USE  OF 

COLLIMATORS 

Frequency 

Flaw  Depth 

Me 

Inches 

2.25 

1-3/4 

5.0 

3-1/4 

lO.O 

5-3/4 

Test  1.  Thick  Test  Plate 

The  test  results  indicated  that  for  each  frequency  there  was  a  minimum  useful 
collimator  diameter.  The  minimum  diameters  are  listed  in  Table  18. 


TABLE  18 


MINIMUM  USEFUL  COLLIMATOR  SIZE  FOR 

RECORDING  PURPOSES 

Frequency 

Orifice  Diameter 

Me 

Inches 

2.25 

1/4 

5.0 

1/8 

10.0 

1/16 

If  beam  collimators  are  considered  as  circular  piston  sources,  a  great  deal  of 
information  regarding  their  radiation  characteristics  becomes  available.  For  example, 
the  beam  divergence  becomes  about  10°  for  a  circular  piston  source  in  the  range  of 
2-1/2  to  3  wavelengths  diameter.  A  decrease  in  source  diameter  results  in  greater 
beam  divergence  while  an  increase  in  diameter  results  in  less  divergence. 

It  was  interesting  to  note  that  the  minimum  useful  orifice  size  for  each  of  the 
test  frequencies  corresponded  to  approximately  2-1/2  wavelengths  measured  in  the 
material  being  tested.  Apparently,  beam  divergence  greater  than  10°  limits  the  use¬ 
fulness  of  collimators. 
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Figure  27 .  Facsimile  Paper  Recording  of  Thick  Test  Plate,  5  me, ,  1/4  inch  Collimator,  IF  Presentation 
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Figure  28.  Facsimile  Paper  Recording  of  Thick  Test  Plate,  5.0  mo. ,  1/4  inch  Collimator,  Video  Presentation. 
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Figure  29,  Facsimile  Paper  Recording  of  Thick  Test  Plate,  5.0  me.  ,  3/8  inch  Collimator. 
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Figure  31 .  Facsimile  Paper  Recording  of  Thick.  Test  Plate,  5.0  me. ,  No  Collimator. 


Obviously,  the  maximum  collimator  size  would  equal  the  transducer  diameter. 

It  does  not  seem  that  any  advantage  would  be  obtained,  however,  since  the  results 
using  the  1/2  inch  collimator  were  generally  similar  to  those  without  collimation. 

The  main  differences  observed  were  a  reduction  in  defect  magnification  and  decreased 
effects  of  beam  intensity  pattern  when  the  1/2  inch  collimator  was  used. 

It  was  observed  that  without  collimation  and  even  when  using  the  larger  colli¬ 
mators  the  beam  intensity  pattern  was  recorded,  the  white  areas  representing  areas 
of  higher  intensity.  It  was  found  that  an  increase  in  gain  or  a  change  of  recorder 
sensitivity  level  generally  eliminated  the  pattern  in  the  recording.  However,  at 
high  level  gain  and/or  sensitivity  settings  the  flaws  indicated  on  the  recordings 
were  greatly  magnified.  Evaluation  of  flaws  under  those  conditions  was  difficult. 

If  the  location  of  all  flaws  detected  were  the  sole  requirement  the  use  of  high  level 
gain  settings  might  not  be  objectionable. 

On  all  the  recordings  at  2.25  me  the  size  of  the  5/64  and  8/64  of  an  inch  diam¬ 
eter  flat  bottom  holes  was  founed  to  be  magnified  when  the  3/64  of  an  inch  flat  bottom 
hole  was  recorded  at  or  near  true  size.  By  decreasing  the  gain  and/or  sensitivity 
levels  the  5/64  and  8/64  of  an  inch  diameter  flat  bottom  holes  could  be  recorded  in 
approximately  true  size.  Generally,  that  resulted  in  completely  overlooking,  i.e. , 
not  recording,  the  3/64  of  an  inch  diameter  flat  bottom  hole. 

The  use  of  5.0  me  resulted  in  better  resolution  of  flaws  nearer  the  surface. 

Better  proportion  of  recorded  hole  sizes  was  also  obtained.  At  10.0  me  resolution 
of  5/64  and  8/64  flat  bottom  holes  at  1/16  of  an  inch  metal  distance  was  readily 
achieved  using  collimators  and  with  some  care  the  3/64  flat  bottom  hole  could  also 
be  recorded.  It  should  be  noted,  however,  that  with  the  instrument  settings  used, 
the  3/64  flat  bottom  hole  at  1/16  of  an  inch  metal  distance  was  not  recorded. 

Table  19  lists  the  range  of  metal  distance  where  best  defect  definition  was  ob¬ 
served  for  each  combination  of  frequency  and  collimator  size.  One  of  the  two  criteria 
was  used  to  determine  the  ranges  listed  in  the  table:  (1)  Where  the  defects  appeared 
at  or  near  true  size  throughout  the  range  or,  (2)  where  the  3/64,  5/64,  and  8/64  of 
an  inch  diameter  flat  bottom  holes  were  recorded  in  proportional  sizes. 

Flat  bottom  holes  outside  the  ranges  listed  were  also  recorded.  These  indica¬ 
tions  were,  generally,  not  true  size  or  proportional  sizes.  Therefore,  flat  bottom 
holes  of  one  size  could  be  interpreted  as  having  the  same  dimension  as  a  different 
size  defect  at  a  different  metal  distance.  Most  often,  where  they  were  recorded  at 
all,  the  result  was  that  8/64  and  5/64  flat  bottom  holes  could  be  interpreted  as  5/64 
and  3/64  flat  bottom  holes  respectively. 

For  actual  inspection  of  parts  a  reference  standard  with  defects  in  the  range  of 
interest  should  be  used  to  establish  instrument  settings  .  The  choice  of  frequency 
and  collimator  size,  also,  should  be  of  primary  interest. 

Another  factor  of  interest  was  that  the  IF  presentation  allowed  better  resolution 
of  defects  than  Video  presentation  for  each  combination  of  frequency  and  collimator 
diameter.  Comparison  of  Figures  27  and  28  demonstrates  a  typical  difference  in 
resolution  between  IF  and  Video  presentation.  Thus,  it  was  seen  that  instrument 
settings  have  considerable  effect  upon  test  results.  Probably,  IF  presentation  would 
yield  better  results  for  inspection  of  thin  materials  (l/4“  or  less)  and  near  surface 
defects . 
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TABLE  19 


METAL  DEPTH  RANGE  FOR  BEST  DEFINITION 

COLLIMATOR  DIAMETER 
INCHES 

METAL  DEPTH, 

INCHES 

2.25  me 

5.0  me 

10,0  me 

1/16 

— 

— 

1/16  -  1/8 

1/8 

— 

1/8-3/8 

1/16  -  1/4 

1/4 

1/8 -1/2 

1/4 -1/2 

1/4  -  3/4 

3/8 

1/4-1/2 

1/4-1 

3/8  -1-1/4* 

1/2 

1/2-1 

5/8-1-1/4* 

1  -  1-1/4* 

♦Maximum  metal  depth  tested 


Test  2.  Thin  Plate 


The  use  of  collimators  to  record  laminar  type  flaws  in  thin  plates  (1/4  of  an  inch 
or  less)  seemed  quite  feasible  in  the  light  of  investigations  using  the  1-1/2  inch 
Thick  Test  Plate.  In  those  tests  it  was  observed  that  best  near  surface  resolution 
was  achieved  using  the  small  diameter  collimators  and  IF  presentation.  Consequent¬ 
ly,  all  final  recordings  of  the  Thin  Plates  were  made  using  a  1/4  of  an  inch  diameter 
collimator  (minimum  useful  diameter  at  2.25  me). 

In  some  preliminary  recordings  considerable  difficulty  was  encountered  when 
attempting  to  record  defects  in  the  thin  plates  using  a  collimator  diameter  smaller 
than  2-1/2  to  3  wavelengths.  This  same  limitation  was  encountered  while  testing 
the  1-1/2  inch  plate  and  is  discussed  in  the  preceding  section. 

In  some  additional  preliminary  tests,  the  use  of  collimators  considerably  larger 
than  2-1/2  to  3  wavelengths  resulted  in  a  constant  factor  which  was  added  to  the 
size  of  the  defects.  This  factor  appeared  to  increase  in  proportion  to  collimator  diam¬ 
eter.  Despite  this  factor,  the  defects  were  recorded  in  proportional  sizes  so  that 
interpretation  could  be  easily  accomplished. 

At  2.25  me  it  was  not  possible  to  resolve  the  3/64  flat  bottom  hole  in  any  of  the 
plates.  None  of  the  defects  in  the  1/16  inch  plate  were  recorded  when  gating  direct¬ 
ly  on  the  signal  reflected  from  the  flat  bottom  holes.  The  1/8  and  1/4  inch  plates 
were  recorded  directly  but  the  recordings  showed  defects  only  where  the  flaw  size 
equaled  or  was  larger  than  the  collimator  orifice. 

Using  5.0  me,  the  defects  in  the  1/16  inch  plate  could  not  be  recorded  directly. 
However,  the  defects  in  the  1/8  inch  plate  and  1/4  inch  plate  were  recorded  direedy. 
Using  10.0  me  all  three  plates  were  recorded  successfully  gating  direedy  on  the  re¬ 
flected  signal.  Figures  32  through  35  show  recordings  of  the  1/8  inch  plate  using 
both  direct  and  reflector  techniques. 

It  was  interesting  to  observe  the  change  in  reflected  signal  which  was  used  to 
record  the  flat  bottom  holes  in  the  Thin  Plates.  It  was  found  that  the  amplitude  of 
the  multiple  reflections  decreased  where  the  metal  distance  decreased.  Typical  sig¬ 
nals  from  the  1/4  inch  plate  are  shown  in  Figure  36.  Note  that  the  multiple  reflec¬ 
tions  decrease  seemingly  in  proportion  to  the  decrease  in  metal  distance.  Apparent¬ 
ly,  some  form  of  ‘"wave  interference"  effect  occurred  in  these  thin  plates  which  was 
related  to  plate  thickness,  wavelength  and  pulse  length.  No  attempt  was  made  to 
further  define  this  phenomenon,  however. 

The  use  of  this  effect  was  necessitated  by  the  fact  that  the  various  defect  depths 
in  the  Thin  Test  Plates  could  not  be  adequately  resolved  at  all  test  frequencies.  The 
occurrence  of  this  "wave  interference'"  was  found  to  be  reliable  and  quite  useful.  The 
interference  effect  seemed  to  be  limited  to  thin  plates,  however,  and  it  was  suspected 
that  the  l/4  inch  Plate  approached  the  maximum  thickness  where  "interference"  would 
have  been  useful. 

Good  flaw  definition  was  achieved  when  using  the  reflector  technique.  Test 
holes  3/64  of  an  inch  diameter  and  larger  were  recorded  in  all  three  test  plates  at 
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Figure  32. 


Frequency  -  5.0  me.  Collimator  -  1/4  inch  diameter 

Transducer  -  3/4  inch  diameter  Presentation  -  IF 

Lithium  Sulphate 
Plate  Thickness  -  1/4  inch 


Facsimile  Paper  Recording  of  1/4  Inch  Plate,  5.0  me. ,  1/4  Inch 
Collimator,  Direct  Technique. 
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Frequency  -  5.0  me.  Collimator  - 

Transducer  -  3/4  inch  diameter  Presentation 

Lithium  Sulphate 

Plate  Thickness  -  1/4  inch 


Figure  33,  Facsimile  Paper  Recording  of  1/4  Inch  Plate,  5.0  me 
Collimator,  Reflector  Technique. 


1/4  inch  diameter 
-  IF 


. ,  l/4  Inch 
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Frequency  -  10.0  me.  Collimator  -  1/4  inch  diameter 

Transducer  -  3/4  inch  diameter  Presentation  -  IF 

Lithium  Sulphate 

Plate  Thickness  -  1/8  inch 


Figure  34.  Facsimile  Paper  Recording  of  1/8  Inch  Plate,  10.0  me.  ,  1/4  Inch 
Collimator,  Direct  Technique. 
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Frequency  -  10.0  me.  Collimator  -  1/4  inch  diameter 

Transducer  -  3/4  inch  diameter  Presentation  -  IF 

Lithium  Sulphate 

Plate  Thickness  -  1/8  inch 


Figure  35,  Facsimile  Paper  Recording  of  1/8  Inch  Plate,  10.0  me.  ,  1/4  Inch 
Collimator,  Reflector  Technique. 
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B.  Defect  at  3/16"  Metal 
Distance 


C.  Defect  at  1/8"  Metal  D.  Defect  at  l/l6"  Metal 

Distance  Distance 


Figure  36.  Change  of  Reflected  Signal  for  Various  Defect  Locations,  1/4"  Plate 
at  10.0  me. 
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10.0  me.  At  5.0  me  the  5/64  of  an  ineh  diameter  flat  bottom  holes  were  deteeted 
and  satisfaetorily  reeorded  for  eaeh  of  the  three  plates.  The  3/64  of  an  ineh  diam¬ 
eter  defeets  were  not  reliably  reeorded. 

With  the  instrument  settings  used  only  minimal  magnifioation  of  defeets  oeeurred. 
When  eheeked,  it  proved  to  be  a  eonstant  faetor  added  to  the  true  size.  Thus,  flaw 
evaluation  using  the  refleetor  reeording  teehnique  ean  be  as  preeise  as  direet  inspee- 
tion  for  thin  plates.  In  faet,  plates  thinner  than  those  tested  eould  be  easily  reeorded. 

It  was  found  that  some  eaution  was  required  while  using  the  refleetor  teehnique. 
The  surfaee  of  the  refleetor  had  to  be  smooth  and  elean  to  avoid  false  indieations. 

Also,  the  test  plates  oceasionally  trapped  small  air  bubbles  at  the  baek  surface 
which  appeared  as  defective  areas  on  the  recordings  . 

B.  COMPARISON  WITH  FOCUSED  TRANSDUCERS 

Test  1 .  Thick  Plate 

In  the  recordings  obtained  with  focused  transducers  several  general  observations 
may  be  made.  First,  the  use  of  2.25  me  resulted  in  greatest  magnification  of  5/64 
and  8/64  of  an  inch  flat  bottom  holes  when  the  corresponding  3/64  of  an  inch  flat 
bottom  hole  was  recorded  at  or  near  true  size.  Best  resolution  was  achieved  using 
10.0  me.  Better  resolution  was  achieved  at  all  frequencies  when  IF  presentation  was 
used.  Better  resolution  of  defects  near  the  front  surface  was  obtained  when  focus 
was  on  the  surface,  i.e. ,  when  water  travel  was  adjusted  to  obtain  a  maximum  front 
surface  reflection.  The  range  of  metal  distance  which  could  be  accurately  recorded 
was  generally  decreased  when  focus  was  on  the  surface,  however.  Figures  37 
through  39  show  some  typical  recordings  obtained  using  focused  transducers. 

The  widest  range  of  flaw  depths  was  recorded  consistently  at  10.0  me.  When 
the  10.0  me  focused  transducer  was  used  each  recording  {with  one  exception)  dis¬ 
played  the  8/64  of  an  inch  flat  bottom  hole  at  a  consistent  size  and  with  minimal 
magnification  through  the  entire  range  of  metal  distances  in  the  Thick  Test  Plate. 

The  5/64  flat  bottom  holes  and  the  3/64  flat  bottom  holes  were  satisfactorily  recorded 
over  narrower  ranges  of  metal  depths  at  the  same  time.  However,  those  ranges  were 
greater  than  recorded  using  either  5.0  or  2.25  me. 

It  was  expected  that  gain  settings  would  be  generally  lower  using  focused  trans¬ 
ducers  than  when  using  collimators  due  to  energy  concentration  in  the  focal  zone. 

This  was  readily  borne  out  in  these  tests.  Apparently  the  “useful"-  energy  pattern 
generated  by  focused  transducers  resembles  the  zone  achieved  with  collimators. 

The  most  significant  difference  being  the  higher  energy  level  in  the  “useful"  zone  of 
the  focused  transducers. 

The  magnification  of  defects  was  apparently  determined  by  the  flaw  size-wave¬ 
length  ratio.  For  Instance,  the  flat  bottom  holes  used  were  all  small  compared  to  one 
wavelength  at  2.25  me.  while  at  10.0  me  these  same  flat  bottom  holes  were  two  or 
more  wavelengths  in  diameter.  The  choice  of  frequencies  where  flaw  dimensions 
were  larger  than  2  or  3  wavelengths  resulted  in  better  definition  over  a  wider  range 
of  metal  distance. 
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Figure  38.  Facsimile  Paper  Recording  of  Thick  Plate,  5.0  me..  Focused  Transducer. 
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Figure  39.  Facsimile  Paper  Recording  of  Thick  Plate,  10.0  me..  Focused  Transducer. 
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It  seems,  then,  that  higher  frequencies  could  be  used  where  it  is  desirable  to 
accurately  record  flaws  which  are  detected.  The  lower  frequencies  could  be  used  to 
“overlook"  the  smaller  or  insignificant  flaws  and  record  only  the  more  significant 
areas . 

Test  2,  Thin  Plate 

In  using  focused  transducers  with  a  reflector  technique,  another  variable  is 
added,  viz. ,  the  focal  point  can  be  varied  in  position.  For  this  discussion  the  foc¬ 
al  point  will  be  considered  to  be  located  at  the  distance  from  the  transducer  which 
gives  maximum  reflected  signals  as  water  travel  is  varied.  Two  positions  of  the 
focal  point  were  used:  (1)  At  the  surface  of  the  plate,  and  (2)  at  the  surface  of  the 
reflector. 

Contrary  to  what  was  expected,  better  results  were  generally  obtained  when  the 
focal  point  was  at  the  reflector.  The  exception  to  this,  if  it  can  be  called  that,  was 
at  10.0  me.  At  that  frequency  there  was  little  difference  in  the  recordings  and  all 
test  holes  were  detected  in  each  of  the  plates. 

In  addition,  better  resolution  was  obtained  at  5.0  me  than  at  2.25  me.  Appar¬ 
ently,  there  was  a  frequency-flaw  size  relationship  similar  to  that  pointed  out  for 
the  thick  plates  even  though  the  variation  in  metal  distance  was  small.  Figures  40 
through  43  show  typical  recordings. 

When  recording  directly,  the  signal  change  which  was  gated  was  a  decrease  in 
multiple  reflections.  This  decrease  was  observed  at  all  frequencies  using  focused 
transducers  as  well  as  collimated  transducers  and  was  discussed  earlier  in  Paragraph 
A2,  Results  and  Discussions,  An  illustration  of  this  effect  is  shown  in  Figure  36. 

CONCLUSIONS 

A.  BEAM  COLLIMATORS 

The  use  of  beam  collimators  for  C-Scan  recording  was  investigated  at  2.25,  5.0 
and  10.0  me.  Collimator  diameters  were  1/16,  1/8,  1/4,  3/8  and  1/2  of  an  inch. 

It  was  found  that  defects  within  a  range  of  metal  depths  were  well  defined  when  us¬ 
ing  each  collimator  at  a  given  frequency.  Table  19  lists  the  ranges  where  best  defi¬ 
nition  was  obtained. 

A  minimum  useful  collimator  size  was  found  to  exist.  This  minimum  size  was 
determined  to  be  about  2-1/2  wavelengths  diameter  measured  in  the  material  at  the 
test  frequency.  Best  near  surface  resolution  was  obtained  using  the  smaller  colli¬ 
mators  at  each  frequency. 

Best  defect  definition  was  obtained  over  correspondingly  wider  ranges  using  10.0 
me  than  at  5.0  or  2.25  me.  This  considers  that  all  test  collimators  were  used.  The 
range  of  best  definition  for  any  particular  collimator  was  greatest  at  10.0  me. 

The  Use  of  collimators  to  record  defects  in  the  Thin  Test  Plates  (l/4  of  an  inch 
or  less)  yielded  results  similar  to  those  obtained  from  the  Thick  Test  Plate  (1-1/2 
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Figure  40 


Frequency  -  2.25  me.  Focal  Point  -  on  reflector 

Transducer  -  3/4  inch  diameter  Presentation  -  IF 

focused  Lithium  Sulphate 

Plate  Thickness  -  1/4  inch. 


Facsimile  Paper  Recording  of  1/4  Inch  Plate,  Reflector  Technique, 
2 . 25  me . 
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Figure  41 


( 


Frequency  -  5 . 0  me .  Focal  Point  -  on  surface 

Transducer  -  3/4  inch  diameter  Presentation  -  IF 

focused  Lithium  Sulphate 

Plate  Thickness  -  1/4  inch 


Facsimile  Paper  Recording  of  1/4  Inch  Plate,  Direct  Technique, 
5 . 0  me. 
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Figure  42 
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Frequency  -  1 0 . 0  me  Focal  Point  -  on  surface 

Transducer  -  3/4  inch  diameter  Presentation  -  IF 

focused  Lithium  Sulphate 

Plate  Thickness  -  1/4  inch 


Facsimile  Paper  Recording  of  1/4  Inch  Plate,  Direct  Technique , 
10.0  me. 
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Frequency  -  5.0  me  Focal  Point  -  on  reflector 

Transducer  -  3/4  inch  diameter  Presentation  -  IF 

focused  Lithium  Sulphate 

Plate  Thickness  -  1/4  inch 


Figure  43.  Facsimile  Paper  Recording,  of  1/4  Inch  Plate,  Reflector  Technique, 
5.0  me . 
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inch) .  Best  definition  was  obtained  using  10.0  me.  However,  at  all  test  frequencies 
the  signal  gated  to  obtain  recordings  directly  from  the  plates  was  a  decrease  in  multi¬ 
ple  reflections.  Apparently,  the  decrease  was  due  to  a  '‘wave  interference"'  effect. 

Use  of  a  reflector  technique  to  record  the  Thin  Plates  resulted  in  better  overall 
definition  at  each  frequency  than  recording  directly.  All  the  defects  3/64  of  an  inch 
diameter  and  larger  in  each  of  the  Thin  Plates  was  recorded  using  10.0  me.  At  5.0 
me  all  defects  5/64  of  an  inch  diameter  and  larger  were  recorded.  The  collimator 
used  was  1/4  of  an  inch  diameter. 

B.  FOCUSED  TRANSDUCERS 

The  results  obtained  using  focused  transducers  were  similar  to  those  observed 
using  collimators.  Best  resolution  was  obtained  in  the  Thick  (1-1/2  inch)  Test 
Plate  using  10.0  me.  Defect  definition  was  also  better  over  a  wider  range  at  10.0 
me  than  at  5.0  or  2.25  me . 

In  the  Thin  Plates  all  defects  3/64  of  an  inch  diameter  and  larger  were  detected 
and  recorded  using  10.0  me  focused  transducers.  Correspondingly,  larger  minimum 
defects  were  resolved  using  5.0  and  2.25  me.  The  signal  gated  for  recordings  was 
a  decrease  in  multiple  reflections  as  in  the  tests  with  collimators. 

When  the  reflector  technique  was  used  with  focused  transducers  better  definition 
was  obtained  when  the  focal  point  was  at  the  reflector  surface,  i.e.,  water  travel 
was  adjusted  so  that  the  reflected  signal  from  the  reflector  was  at  a  maximum. 

C.  GENERAL 

It  appears,  then,  that  collimators  are  quite  useful  for  C-Scan  recordings.  Good 
results  can  be  obtained  within  the  limitations  described.  One  seemingly  attractive 
advantage  would  be  the  low  cost  where  flat  transducers  are  already  available. 

Focused  transducers  would  have  some  advantage  where  greater  energy  concen¬ 
tration  is  required.  Such  a  condition  would  occur  where  the  material  being  tested 
had  high  acoustic  impedance  and/or  attenuation.  Within  the  limits  of  the  tests  for 
this  report,  however,  no  definite  advantage  or  disadvantage  was  observed  for  the 
use  of  collimated  transducers  as  compared  to  focused  transducers. 

RECOMMENDATIONS 

With  the  advent  of  many  sandwich  materials  and  particularly  brazed  and  cemented 
honeycomb  structures  in  missile  construction  a  need  for  adequate  inspection  techniques 
has  appeared.  The  results  in  this  report  indicate  a  possibility  of  establishing  criteria 
for  ultrasonic  inspection  of  these  structures.  Although  some  structures  such  as 
brazed  honeycomb  are  presently  being  inspected  and  recorded  ultrasonically  there  is 
no  source  of  information  regarding  inspection  techniques  or  parameters  affecting  these 
techniques.  Neither  are  any  real  standard  reference  panels  or  recommendations  for 
construction  of  reference  standards  available. 

It  is  recommended  that  a  program  be  established  to  (1)  define  some  of  the  acoustic 
parameters  affecting  ultrasonic  inspection  of  these  structures;  (2)  recommend  inspec¬ 
tion  techniques  which  could  be  used;  and,  (3)  recommend  techniques  for  construction 
of  reference  standards. 
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SECTION  V 


EVALUATION  OF  SHEAR  AND  SURFACE  (RAYLEIGH)  WAVE  CHARACTERISTICS 

The  results  of  tests  performed  for  WAD C  Technical  Report  59-466  indicated  some 
inconsistencies  when  compared  with  shear  and  surface  (Rayleigh)  wave  theory  and 
investigations  reported  in  other  publications.  The  inconsistencies  observed  were  in 
tests  using  thin  plates.  Those  tests  were  conducted  using  commercially  available, 
fixed  angle  transducers . 

This  report  presents  the  results  of  tests  which  attempt  to  clarify  some  of  the 
previous  apparent  inconsistencies.  Some  additional  tests  were  performed  to  evalu¬ 
ate  the  distinguishing  characteristics  of  shear  and  surface  (Rayleigh)  waves.  Velo¬ 
city,  attenuation,  refraction  and  reflection  characteristics  of  these  waves  were  in¬ 
vestigated  . 

TEST  EQUIPMENT 

The  following  equipment  was  used  to  conduct  the  shear  and  surface  (Rayleigh) 
wave  studies  for  this  report: 

1.  Curtiss-Wright  Immerscope ,  Model  424A 

2 .  Branson  Instruments  Sonoray 

3 .  Immersion  Tank  and  Manual  Carriage 

4.  Immersion  Refractometer,  Automation  Industries,  Inc., 

Ultrasonics  Division  design.  See  Figure  44. 

5.  Adjustable  Angle  Contact  Adapters ,  Automation  Industries, 

Inc.  design.  See  Figure  45. 

6.  Ultrasonic  Transducers  as  listed  in  Table  20. 

7.  Automation  Industries,  Inc.  Search  Tube  Manipulator, 

Model  314 . 

8.  Special  Shear-Surface  Wave  Separator,  Automation 
Industries,  Inc.  design.  See  Figure  46. 

MATERIAL  AND  TEST  SAMPLES 

The  following  materials  were  used  as  test  samples: 

1.  Aluminum  sheet  and  flat  rolled  bar,  2024-T4,  thickness 
as  listed  in  Table  21 . 
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Figure  44.  Immersion  Refractorneter 


Figure  45.  Adjustable  Angle  Contact  Adapter 


Figure  46.  Shear-Surface  Wave  Separator. 
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TABLE  20 


TRANSDUCERS  FOR  SHEAR  AND  SURFACE  WAVES 

MANUFACTURER 

TYPE 

FREQUENCY 

Megacycles 

SIZE 

Inches 

Automation  Industries 

Lithium  Sulphate 
Immersion 

2.25 

3/4  dia. 

Automation  Industries 

Lithium  Sulphate 
Immersion 

5.0 

3/4  dia. 

Automation  Industries 

Lithium  Sulphate 
Immersion 

10.0 

3/4  dia. 

Branson  Instruments 

Type  Z,  flat 

Contact 

2.25 

1/2  dia. 

Branson  Instruments 

Type  Z,  flat 

Contact 

5.0 

1/2  dia. 

Sperry  Products 

Quartz,  45°  Shear 
Contact 

2.25 

1/2  X  1 

crystal 

Sperry  Products 

Quartz,  45°  Shear 
Contact 

5.0 

1/2  X  1 

crystal 

Sperry  Products 

Quartz,  Surface  Wave 
Contact 

2.25 

1/2  X  1 
crystal 

Sperry  Products 

Quartz,  Surface  Wave 
Contact 

5.0 

1/2  X  1 

crystal 
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TABLE  21 


THICKNESS  OF  TEST  PLATES 

Test  Plate 

Thickness,  In. 

1 

0.062 

2 

0.125 

3 

0.315 

4 

0.50 

5 

1.50 

Dimensions  of  the  test  plate  varied  from  4  inches  minimum  width  and  24  inches 
minimum  length.  All  test  plates  had  ends  milled  square  in  the  direction  of  wave 
propagation . 

TEST  PROCEDURES 

Due  to  the  variety  of  tests  performed  reference  sketches  are  provided  to  define 
the  terms  used.  Figure  47  shows  the  test  variables  for  the  immersed  tests  and  Fig¬ 
ure  48  defines  the  variables  for  the  contact  tests. 

A.  IMMERSED  METHOD 

Test  1.  Signal  Amplitude  versus  Incident  Angle 

For  these  tests  the  signal  amplitude  reflected  from  the  square  milled  end  of  each 
of  the  five  test  plates  was  recorded  as  a  function  of  the  incident  angle.  The  indica¬ 
tions  recorded  were  at  those  angles  where  a  steady  change  in  signal  amplitude  could 
be  observed  as  the  metal  distance  was  varied.  The  transducer  was  positioned  so 
that  the  intersection  of  the  center  of  the  incident  beam  with  the  surface  of  the  test 
plate  was  3  inches  from  the  end  of  the  plate.  Water  distance  was  held  constant  at 
2  inches.  Test  frequencies  were  2.25  and  5.0  me.  The  transducers  were  flat,  3/4 
of  an  inch  diameter  lithium  sulphate.  Gain  was  held  constant  for  all  tests  on  each 
plate.  Results  of  these  tests  using  the  0.062  and  0.125  inch  plates  are  shown  in 
Figures  49  and  50. 

Test  2 .  Signal  Amplitude  versus  Metal  Distance 

All  five  test  plates  listed  in  Table  21  were  used..  The  signal  amplitude  was  ob¬ 
served  and  recorded  as  metal  distance  from  the  end  of  the  plate  was  varied.  Data 
was  recorded  using  each  incident  angle  at  which  a  distinct  maximum  signal  from  the 
end  of  the  plate  was  observed  in  the  tests  described  in  Paragraph  Al.  Test  frequencies 
were  2.25  and  5.0  me.  Transducers  used  were  flat,  3/4  inch  diameter  lithium  sulphate. 
Results  are  shown  in  Figures  51  and  52. 
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Figure  47.  Definition  of  Terms  for  Immersed  Testing. 
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Figure  48.  Definition  of  Terms  for  Contact  Testing. 
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Test  3  .  Speed  of  Wave  Propagation 


The  speed  of  wave  propagation  along  the  plate  was  measured  at  each  incident 
angle  used  in  Test  2  above.  In  order  to  do  this  a  35°  (included  angle)  groove  was 
machined  in  each  of  the  test  plates..  The  position  of  the  groove  was  normal  to  the 
direction  of  wave  propagation  (i.e. ,  parallel  to  end  of  plate)  at  a  distance  of  3.00 
inches  from  the  end  of  the  plate.  The  reflected  signal  from  the  test  plate  then  indi¬ 
cated  first,  the  groove,  and  second,  the  end  of  the  plate.  The  Two  Transducer, 
Water  Comparison  technique  was  then  used  to  determine  the  speeds.  This  technique 
is  described  in  Appendix  III.  The  results  of  these  measurements  are  listed  in  Table 
22. 


Test  4 .  Signal  Amplitude  versus  Metal  Travel  -  Shear  Waves 

All  five  test  plates  were  used  in  these  tests.  The  incident  angle  was  adjusted 
so  that  a  45°  shear  wave  was  propagated  in  the  panels.  The  transducer  was  then 
positioned  so  that  the  lower  corner  at  the  milled  end  of  the  plate  was  detected 
directly  through  the  plate  and  the  maximum  signal  amplitude  noted.  The  scanning 
carriage  was  then  moved  away  from  the  edge  of  the  panel  until  a  position  was  reached 
where  a  maximum  reflection  was  obtained  from  the  top  comer.  The  metal  travel  was 
further  increased  while  alternately  observing  the  signals  reflected  from  the  upper  and 
lower  corners  of  the  plate  until  the  signal  height  was  1/4  of  an  inch  or  less. 

Test  frequencies  were  2.25  and  5.0  me.  Transducers  were  flat  3/4  of  an  inch 
diameter,  lithium  sulphate.  Water  distance  was  2  inches.  Gain  was  held  constant 
at  each  test  frequency.  Figures  53  shows  the  results  of  these  tests  at  2.25  me. 

In  addition  to  the  foregoing  tests  the  1-1/2  inch  panel  was  tested  at  5.0  me  using 
30°,  60°  and  75°  shear  waves.  The  same  procedure  was  used  for  determining  signal 
amplitude.  Water  distance  was  held  constant  at  2  inches  for  all  tests.  Figure  54 
shows  the  results  of  these  observations. 

Test  5  .  Refractometer  Test 

The  immersion  refractometer  was  constructed  so  that  the  incident  angle  could  be 
varied  from  0°  to  approximately  80°  while  the  refracted  beam  remained  normal  to  the 
back  surface.  The  refractometer  was  used  to  determine  the  variation  in  reflected  sig¬ 
nal  from  the  back  surface  that  occurred  as  the  incident  angle  was  varied  from  0° 
through  45°.  Test  frequencies  were  2.25,  5.0  and  10.0  me.  All  transducers  were 
flat  3/4  of  an  inch  diameter,  lithium  sulphate.  Results  of  varying  the  incident  angle 
are  shown  in  Figure  55. 

The  velocity  of  the  generated  waves  was  measured  using  the  Two  Transducer, 
Water  Comparison  method.  The  results  of  these  measurements  are  listed  in  Table  23. 

B.  CONTACT  METHOD 

Test  1.  Signal  Amplitude  versus  Incident  Angle 
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In  this  series  of  tests  the  signal  amplitude  was  measured  as,  a  function  of  the 
incident  angle.  Test  frequencies  were  2.25,  and  5.0  me.  The  transducers  were  1/2 
of  an  inch  diameter,  Type  Z.  All  five  test  plates  were  observed  for  these  tests.  The 
incident  angle  was  varied  from  0°  to  75°  angle  using  the  Variable  Angle  Adapter . 
Signal  amplitude  data  was  recorded  at  each  angle  where  a  distinct  signal  was  observ¬ 
ed.  Figure  56  shows  the  results  obtained  using  2.25  me. 

Test  2.  Signal  Amplitude  versus  Metal  Distance  -  Surface  Waves 

The  fixed  angle  surface  wave  transducers  as  listed  in  Table  20  were  used.  Test 
frequencies  were  2.25  and  5.0  me.  The  signal  amplitude  reflected  from  the  end  of 
each  test  plate  was  observed  as  the  metal  travel  was  varied.  Gain  was  held  constant 
for  all  tests  at  each  frequency.  Test  results  are  shown  in  Figures  57  and  58. 

Test  3 .  Shear-Surface  Wave  Separator 

A  special  test  block,  shown  in  Figure  46,  was  used  for  this  test.  Configuration 
was  such  that  a  shear  wave  propagated  at  90°  from  the  normal  (parallel  to  the  surface) 
could  be  observed  separately  from  a  surface  wave.  The  ability  of  surface  waves  to 
follow  contours  was  utilized  in  the  design. 

Using  the  Variable  Angle  Adapter  the  incident  angle  was  varied  from  50°  through 
75°  in  1°  increments.  Signal  amplitude  was  recorded  for  both  surface  and  shear  wave 
indications.  The  test  frequency  was  2.25  me  using  a  1/2  of  an  inch  diameter  Type  Z 
transducer.  The  results  of  this  test  are  shown  in  Figure  59  . 

The  velocity  represented  by  the  position  of  both  indications  was  determined  us¬ 
ing  the  Two  Transducer,  Water  Comparison  technique.  A  scribe  line  approximately 
0.003  of  an  inch  deep  was  machined  in  the  block  as  a  reference  point  for  velocity 
measurements.  Location  of  the  scribe  line  was  such  that  metal  distance  traveled  by 
the  surface  wave  was  twice  the  distance  traveled  by  the  shear  wave.  The  results  of 
these  measurements  is  noted  in  Table  24. 

RESULTS  AND  DISCUSSION 

A.  IMMERSED  METHOD 

Test  1 .  Signal  Amplitude  versus  Incident  Angle 

In  these  tests  the  signal  response  was  similar  for  all  test  plates  which  were 
0.315  of  an  inch  thick  or  greater.  A  signal  was  observed  which  reached  a  maximum 
value  at  the  critical  incident  angles  for  longitudinal  and  shear  waves.  These  maxima 
occurred  using  both  2.25  and  5.0  me.  The  velocity  measurements  discussed  in  Sec¬ 
tion  A3  indicated  that  both  longitudinal  and  shear  waves  had  been  observed.  See 
table  22. 

The  tests  showed  that  90°  longitudinal  or  90°  shear  waves  may  be  generated 
quite  readily.  The  amplitude  of  these  signals  was  such  that  inspection  of  flat  plates 
or  welds  for  cracks,  lack  of  fusion  or  various  inclusions  seems  to  be  a  good  area  of 
application. 
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ire  49.  Signal  Amplitude  vs.  Incident  Angle  -  2.25  me,  Immersed  Test. 


Figure  50.  Signal  Amplitude  vs.  Incident  Angle  -  5.0  me,  Immersed  Test. 


It  was  interesting  to  note  the  signals  in  addition  to  the  90°  longitudinal  and  90° 
shear  waves  observed  in  the  0.125  and  0.062  of  an  inch  thick  plates  when  tested  us¬ 
ing  5.0  me  signals.  The  velocity  along  the  plate  for  these  additional  signals  increas¬ 
ed  as  the  incident  angle  increased.  The  characteristic  velocities  were  not  those  of 
either  longitudinal  or  shear  waves.  The  Incident  angles  were  much  sn.aller  than  would 
have  been  required  for  generation  of  surface  (Rayleigh)  waves.  Apparently,  the  indi¬ 
cations  were  due  to  a  different  vibrational  phenomena  such  as  Lamb  waves.  Some 
preliminary  checks  indicated  that  this  was  indeed  the  case.  A  great  deal  more  in¬ 
vestigation  is  needed  in  this  area  to  provide  sufficient  data  concerning  the  nature  of 
these  waves  and  possible  applications  thereof. 

Test  2.  Signal  Amplitude  versus  Metal  Travel 

Data  was  obtained  using  the  five  test  plates  in  order  to  study  the  attenuation  of 
shear  waves  as  compared  to  other  waves  in  plates.  Figures  51  and  52  show  Signal 
Amplitude  versus  Metal  Distance  at  several  incident  angles  for  longitudinal  and  shear 
waves.  The  curves  for  the  0.500  inch  plate  were  typical  of  results  for  all  plates 
thicker  than  0.125  of  an  inch.  Generally,  the  apparent  attenuation  of  shear  waves  in 
each  plate  for  both  2.25  and  5.0  me  was  lower  than  for  the  longitudinal  waves.  One 
reason  for  this  could  be  the  lower  impec^nce  of  the  shear  waves.  The  shear  wave 
impedance  was  about  L.  22  x  10^  Ibs/in^-sec  while  impedance  of  longitudinal  waves 
was  2.50  X  10^  Ibs/in^-sec.  The  transmission  coefficients  were  calculated  using 
these  acoustical  impedance  values.  For  longitudinal  waves  the  transmission  co¬ 
efficient,  T,,  =  0.29  while  for  shear  waves  the  tansmission  coefficient,  Tg  =  0.50. 
Thus,  it  appears  that  considerably  more  shear  wave  energy  was  propagated  into  the 
part.  Apparently,  the  higher  energy  level  of  the  shear  waves  enabled  greater  metal 
distances  to  be  observed. 

Figure  51  also  shows  a  family  of  Signal  Amplitude  versus  Metal  Travel  curves 
obtained  when  using  5  me  to  test  the  0.125  inch  plate.  As  the  incident  angle  was 
increased,  the  metal  distance  at  which  a  reflected  signal  could  be  observed  also  in¬ 
creased.  An  attempt  was  made  to  determine  the  nature  of  wave  propagation  observed 
by  first  assuming  longitudinal  wave  propagation,  then  shear  wave  propagation  reflect¬ 
ing  back  and  forth  between  the  surfaces  of  the  plate.  The  resultant  velocity  of  these 
waves  along  the  plate  was  calculated  for  each  angle.  The  results  did  not  agree  with 
the  measurements  in  Test  3  for  any  angle  (except  13°  and  28°),  thus,  further  indica¬ 
ting  the  existence  of  a  compound  wave  motion. 

Test  3 .  Velocity  of  Wave  Propagation 

Table  22  shows  the  velocities  measured  at  each  angle  in  each  of  the  plates.  The 
velocities  measured  for  the  longitudinal  and  shear  waves  were  virtually  the  same  at 
2.25  and  5.0  me.  However,  the  velocities  of  other  waves  were  apparently  dependent 
upon  the  incident  angle.  The  existence  of  these  waves  seemed  to  be  dependent  upon 
plate  thickness  and  frequency  at  any  given  angle.  Some  comparison  with  published 
data  indicated  the  possible  existence  of  Lamb  waves. 

Test  4.  Signal  Amplitude  versus  Metal  Travel  -  Shear  Waves 

Since  many  commercially  available  shear  transducers  generate  shear  waves 
at  45°  in  the  metal  being  inspected,  the  effect  of  plate  thickness  on  total  metal  travel 
at  this  angle  was  of  interest. 
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Figure  51.  Signal  Amplitude  vs.  Metal  Distance  at  Various  Incident  Angles  -  5.0  me 
Immersed  Tests. 
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Figure  52.  Signal  Amplitude  vs.  Metal  Distance  at  Critical  Incident  Angles  -  2.25 
me  Immersed  Tests. 


95 


TABLE  22 


WAVE  VELOCITIES  IN  TEST  PLATES 

2,25  me 

5.0  me 

Plate  Thickness 
Inches 

Incident  Angle 
Degrees 

Velocity 
in/sec  x  10^ 

Incident  Angle 
Degrees 

Velocity  .. 
in/sec  x  10^ 

1.50 

14.0 

2.49 

13.0 

2.45 

28.7 

1.27 

27 

1.24 

0.500 

14.0 

2.54 

13.0 

2.51 

28.7 

1.26 

27.5 

1.25 

0.315 

14.0 

2.50 

13.5 

2.41 

28.0 

1.28 

27.5  ' 

1 

1.23 

0.125 

13.7 

1.93 

9.5 

0.67 

27.7 

1.28 

11,2 

0.81 

12.0 

1.11 

13.5 

2.54 

28.7 

1.25 

0.62 

13.2 

1.68 

11.1 

0.90 

14.0 

1.83 

11.9 

0.94 

15.0 

1.82 

12.7 

1.20 

29.5 

1.67 

13.2 

1.67 

13.9 

1.71 

26.5 

1.16 
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Figure  53  shows  the  results  of  these  tests  at  2.25  me.  Generally,  a  decrease 
in  total  metal  travel  was  observed  as  plate  thickness  decreased.  The  number  of 
observed  reflections  within  the  plates  increased  somewhat  for  the  thinner  plates  us¬ 
ing  5.0  me,  but  the  number  of  reflections  remained  approximately  the  same  for  all 
plates  when  2.25  me  was  used.  Thus,  energy  loss  at  the  interface  due  to  trans¬ 
mission  out  of  the  part  or  mode  conversion  at  the  reflecting  points  is  apparently  a 
direct  and  large  loss  factor. 

It  was  speculated  that  perhaps  the  angle  of  propagation  of  the  shear  waves  was 
also  a  factor  since  it  would  affect  both  transmission  and  mode  conversion.  The  test 
results  shown  in  Figure  54  tended  to  confirm  this.  The  total  metal  distance^ observed 
in  the  1.50  inch  thick  plate  for  each  of  the  angles  of  propagation,  i.e.,  30°,  45°, 

60°,  and  75°  remained  approximately  the  same.  However,  the  number  of  reflections 
decreased  as  the  angle  increased.  Two  possible  solutions  appear:  (1)  less  energy 
entered  the  plate  at  the  greater  incident  angles,  or  (2)  losses  due  to  mode  conversion 
and  transmission  (out  of  the  part)  increased  as  the  angle  of  propagation  increased. 

In  the  Refractometer  tests  it  was  observed  that  energy  entering  the  part  and  being  re¬ 
flected  was  fairly  constant  for  the  range  of  angles  used  in  this  test.  Then,  if  the 
foregoing  assumptions  are  correct,  greater  losses  occur  due  to  mode  conversion  and 
transmission  out  of  the  part. 

Additional  tests  are  required  to  definitely  establish  the  nature  of  this  phenomena 
and  to  determine  whether  similar  results  occur  when  testing  the  thinner  plates. 

Test  5  .  Refractometer  Test 

In  examining  the  results  of  the  Refractometer  Tests  one  fact  should  be  kept  in 
mind,  viz. ,  the  gain  setting  was  adjusted  at  each  frequency  so  that  none  of  the 
indications  reached  saturation  (100%  of  display  amplitude) .  However,  the  gain  was 
held  constant  for  each  test  frequency. 

Figure  55  shows  the  results  of  this  test.  It  is  interesting  to  observe  the  appar¬ 
ent  attenuation  of  shear  waves  in  relation  to  the  longitudinal  waves  at  each  frequency. 
The  apparent  attenuation  of  shear  waves  at  2.25  me  was  very  low  compared  to  longi¬ 
tudinal  waves.  At  5.0  me  the  apparent  attenuation  of  shear  waves  was  nearly  equal 
to  that  for  longitudinal  waves  while  at  10.0  me  the  attenuation  of  shear  waves  is 
greater  than  for  longitudinal  waves . 

In  general,  it  has  been  found  that  attenuation  is  inversely  proportional  to  wave¬ 
length,  i.e.,  attenuation  increases  as  wavelength  decreases.  The  wavelength  of 
shear  waves  is  approximately  half  that  of  longitudinal  waves  at  any  given  frequency. 
Thus,  it  appears  that  additional  factors  must  be  involved. 

Probably  the  most  important  of  these  is  specific  acoustical  impedance.  For  shear 
waves  the  specific  acoustical  impedance,  Z,  is  approximately  l/2  of  the  impedance 
for  longitudinal  waves  due  to  the  lower  velocity  of  shear  waves.  The  energy  loss  due 
to  impedance  mismatch  is  then  lower  for  shear  waves  than  for  longitudinal  waves. 

This  energy  loss  is  the  same  for  all  frequencies,  however. 
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Figure  53.  Signal  Amplitude  vs.  Metal  Travel,  45°  Shear  Waves,  2,25  me. 
Immersed  Tests. 
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Figure  54.  Signal  Amplitude  vs.  Metal  Travel,  Various  Angle  Shear  Waves,  5.0 
me  Immersed  Tests. 
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INCIDENT  ANGLE,  DEGREES 

55.  Signal  Amplit’.de  vs.  Incident  Angle  Using  Immersion  Refractometer. 


PLATE  TtlICKNESS 


INCIDENT  ANGLE,  DEGREES 

Figure  56.  Signal  Amplitude  vs.  Incident  Angle ,  2.25  me  Contact  Tests. 
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Now,  if  a  typical  attenuation  versus  wavelength  curve  i  s  considered  in  conjunc¬ 
tion  with  the  difference  in  impedance  values,  it  can  be  shown  that  the  test  results 
obtained  should  have  been  expected.  Using  the  typical  curve  in  Figure  60,  consider 
each  frequency  separately. 

First,  at  2.25  me  the  longitudinal  wave  encounters  some  finite  value  of  attenua¬ 
tion.  Then,  the  2.25  me  shear  wave,  due  to  its  shorter  wavelength,  encounters 
greater  attenuation.  Recall,  however,  that  the  energy  propagated  in  the  metal  was 
greater  for  the  shear  wave.  It  appears  that  the  increase  in  propagated  energy  using 
the  shear  waves  was  greater  than  the  higher  attenuation  loss  in  the  refractometer. 

At  5.0  me  the  increase  in  shear  energy  appeared  to  be  approximately  equal  to  the 
attenuation  of  the  shear  wave.  At  10.0  me  the  attenuation  of  the  shear  waves  is 
much  greater  than  the  energy  increase.  It  should  be  emphasized  that  these  tests 
were  limited  in  scope.  Further  investigation  is  needed  to  establish  definite  values 
for  impedance  and  attenuation  losses  using  shear  waves. 

The  velocities  of  the  longitudinal  and  shear  waves  in  the  Refractometer  were  de¬ 
termined  using  the  Two  Transducer,  Water  Comparison  method.  See  Table  23  below. 


TABLE  23 


VELOCITY  OF  WAVES  PROPAGATED  IN  IMMERSION  REFRACTOMETER  j 

Type  of  Wave 

Velocity 

Longitudinal  Wave 

2.48  x  10^  in/sec 

Shear  (Transverse  Wave) 

1.21  X  105  in/sec 

Observations  over  the  complete  range  of  incident  angles  did  not  disclose  any 
measurable  variation  in  velocity. 

B.  CONTACT  METHOD 

Test  1.  Signal  Amplitude  versus  Incident  Angle 

Figure  5  6  shows  the  results  of  varying  the  incident  angle  while  observing  the 
reflected  signal  height  for  2.25  me  test  frequency.  These  figures  do  not  include  re¬ 
sults  using  the  0.500  and  1.50  inch  plates  since  the  signals  obtained  were  typified 
by  the  0.315  inch  plate.  In  the  thicker  plates  (0.315  of  an  inch  or  greater)  reflected 
signal  maxima  were  observed  only  at  the  critical  incident  angles  for  longitudinal  and 
shear  waves  while  testing  at  2.25  me.  At  5.0  me  these  two  maxima  were  observed  in 
all  the  test  plates.  Additional  maxima  were  observed  in  the  0.125  and  0.062  inch 
plates  at  other  than  critical  angles.  The  distinguishing  characteristic  of  these  maxi¬ 
ma  was  a  steady  increase  in  signal  amplitude  as  the  metal  distance  was  decreased. 
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When  using  2.25  me  to  test  the  0.125  inch  plate  the  two  maxima  obtained  appear¬ 
ed  as  quite  broad  signals.  The  90°  shear  wave  could  not  be  observed. 

No  data  was  recorded  for  the  0.062  inch  plate  at  2.25  me.  This  was  not  due  to 
lack  of  signals  but  because  of  the  profusion  of  them.  It  was  not  possible  to  distin¬ 
guish  any  particular  signal  as  being  distinct  from  any  others. 

Test  2.  Signal  Amplitude  versus  Distance  -  Surface  (Rayleigh)  Waves 

Since  the  characteristic  phenomena  of  surface  waves  was  not  observed  during 
any  of  the  immersion  tests  some  investigation  was  deemed  necessary  using  contact 
method.  Examining  the  results  shown  in  Figures  5  7  and  5  8  indicates  that  apparent 
attenuation  of  surface  waves  was  lower  using  2.25  me  than  when  using  5.0  me  where 
the  plate  thickness  was  0.315  of  an  inch  or  greater.  At  5.0  me  the  apparent  attenua¬ 
tion  decreased  when  the  thin  plates,  0.125  and  0.062  of  an  inch  thick,  were  tested. 
This  decrease  in  attenuation  seemed  to  be  associated  with  reinforcements  of  the 
propagated  wave  by  the  back  surface.  On  the  thinner  plates  it  was  possible  to  damp 
the  wave,  i.e. ,  decrease  the  signal  amplitude,  by  touching  the  back  surface  of  the 
plate.  The  effect  was  the  same  as  observed  when  touching  the  front  surface  of  a 
thick  plate  to  decrease  the  amplitude  of  a  surface  wave. 

Test  3 .  Shear-Surface  Wave  Separator 

This  test  determined  velocities  and  comparative  amplitudes  of  shear  and  surface 
waves  using  the  Variable  Angle  Adapter.  Figure  59  indicates  that  the  shear  wave  sig¬ 
nal  was  detected  several  degrees  beyond  the  critical  angle.  This  effect  was  probably 
due  to  beam  spread.  The  transducer  was  1/2  of  an  inch  diameter,  and  test  frequency 
was  2.25  me.  In  plastic  the  1/2  inch  diameter  is  approximately  11  wavelengths. 

This  factor  alone  will  contribute  5-6°  of  beam  spread. 

The  surface  wave  was  observed  as  a  separate  indication,  and,  through  part  of  the 
range  of  incident  angles,  simultaneously  with  the  indication  of  the  shear  waves.  No 
variation  in  the  velocity  of  either  the  shear  or  surface  waves  was  observed  throughout 
the  test  range.  Velocities  observed  are  tabulated  in  Table  24. 


TABLE  24 


VELOCITY  OF  SOUND  IN  SHEAR-SURFACE  WAVE 
SEPARATOR 

Type  of  Wave 

Velocity,  in/secx  10^ 

Shear  (transverse) 

1.20 

Surface  (Rayleigh) 

1.11 

Longitudinal  (reference) 

2.44 
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Figure  57.  Signal  Amplitude  vs.  Metal  Distance,  Surface  (Rayleigh)  Waves,  2.25 
me  Contact  Tests . 


Figure  58.  Signal  Amplitude  vs.  Metal  Distance,  Surface  (Rayleigh)  Waves,  5.0 
me  Contact  Tests. 
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ATTENUATION,  DECIBELS/ INCHES  £■  SIGNAL  AMPLITUDE,  INCHES 


50  60  70 


INCIDENT  ANGLE,  DEGREES 

59  .  Signal  Amplitude  vs.  Incident  Angle  Using  Shear-Surface  Wave  Separator, 
2.25  me  Contact  Test. 


J _ 1 _ I _ I _ I 

FREQUENCY 

Figure  60  .  Typical  Attenuation  vs.  Frequency  Plot. 
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The  signal  amplitude  of  the  surface  waves  observed  was  considerably  less  than 
that  of  the  shear  waves.  However,  metal  travel  for  the  surface  waves  was  twice 
that  for  shear  waves.  Similar  results  were  observed  in  preliminary  tests  at  5.0  me 
also . 

CONCLUSIONS 

A.  IMMERSED  METHOD 


It  was  showTi  that  at  the  respective  critical  incident  angles  longitudinal  and 
shear  waves  can  be  readily  generated  in  plates  over  a  wide  range  of  thickness. 
Sufficient  energy  was  transmitted  into  the  plates  to  be  useful  for  flaw  detection 
where  the  surfaces  are  flat. 

i 

Reflected  signals  at  incident  angles  other  than  those  for  critical  shear  and  longi¬ 
tudinal  waves  were  observed  in  the  0.125  and  0.062  of  an  inch  thick  plates.  Several 
of  these  signals  were  detected  using  5.0  me.  Similar  signals  were  observed  at 
different  incident  angles  while  testing  at  2.25  me.  Velocity  measurements  and  sub¬ 
sequent  calculations  indicated  that  these  signals  were  caused  by  wave  propagation 
of  a  compound  nature,  not  being -wholly  longitudinal  or  shear  waves.  In  addition, 
the  generation  of  these  waves  seemed  to  be  dependent  upon  frequency,  plate  thick¬ 
ness  and  incident  angle.  The  characteristics  observed  indicate  that  Lamb  waves 
were  generated.  The  limited  published  data  available  did  not  allow  complete  correla¬ 
tion.  Further,  the  greater  part  of  previously  published  data  was  collected  using  two 
transducer,  transmit-receive  techniques. 

Shear  wave  tests  indicated  that  total  metal  travel  decreases  as  plate  thickness 
decreases.  The  greatest  losses  were  apparently  due  to  transmission  and  mode  con¬ 
version  of  each  reflection  at  the  interface  since  the  number  of  reflections  for  each 
plate  thickness  was  generally  the  same.  The  use  of  larger  incident  angles,  thus  re¬ 
ducing  the  number  of  reflections,  appears  to  be  desirable  where  large  metal  travel 
distances  are  required. 

It  was  found  that  the  amplitude  of  reflected  shear  waves  remained  relatively  con¬ 
stant  over  a  wide  range  of  angles  30°-75°  in  aluminum) .  It  appears,  then,  that  a 
considerable  range  of  angles  is  available  for  inspection  purposes  with  sufficient 
energy  available  for  normal  inspection.  Where  the  incident  angle  can  be  varied,  the 
choice  of  angle  will  depend  upon  the  nature  of  the  defects  and  experience  with  the 
particular  application. 

It  was  also  observed  that  the  amplitude  of  reflected  shear  wave  signals  was 
greater  than  the  amplitude  of  longitudinal  wave  signals  at  the  lower  test  frequencies. 
This  was  apparently  due  to  the  lower  specific  acoustical  impedance  for  shear  waves, 
(1.22  X  10'*  lbs/in2-sec.) ,  as  compared  to  the  higher  value  for  longitudinal  waves, 
(2.50  X  1  O'!  Ibs/in2  -sec.).  The  attenuation  encountered  in  this  range  of  frequencies, 
2.25  to  5.0  me,  was  low  and  apparently  not  as  significant  as  the  difference  due  to 
acoustic  impedance.  However,  at  10.0  me  the  reflected  shear  wave  signal  was  less 
than  for  longitudinal  waves.  Thus,  the  apparent  attenuation  for  shear  waves  as  com¬ 
pared  to  longitudinal  waves  seemed  to  reach  a  significant  value  in  aluminum  around 
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10.0  me.  It  was  expected  that  attenuation  of  shear  waves  in  comparison  to  longi¬ 
tudinal  waves  at  the  same  frequency  would  have  increased  rapidly  if  the  frequency 
had  been  increased.  Other  results,  using  the  Immersion  Refractometer  indicated 
that  longitudinal  and  shear  wave  velocities  remain  constant  regardless  of  incident 
angle . 

No  indications  of  surface  (Rayleigh)  waves  were  observed  using  immersed  testing. 
As  an  interesting  sidelight,  a  2.25  me  fixed  angle  surface  wave  contact  transducer 
was  placed  about  3  inches  from  the  edge  of  a  1/2  inch  thick  aluminum  plate  and  a 
reflected  signal  obtained  from  the  edge  of  the  plate.  The  instrument  gain  was  adjust¬ 
ed  so  that  the  surface  wave  reflection  was  about  2  inches  high.  By  immersing  the 
edge  of  the  plate  in  water  the  signal  was  made  to  disappear.  In  fact,  immersion  of 
less  than  1/8  of  an  inch  in  water  caused  the  reflected  signal  to  disappear.  Apparent¬ 
ly,  the  water  provided  an  extended  medium  which  carried  the  transmitted  signal  away 
from  the  plate.  Thus,  it  seems  there  is  no  need  to  consider  surface  (Rayleigh)  wave 
propagation  when  using  immersed  testing. 

B.  CONTACT  METHOD 

In  using  the  5.0  me  fixed  angle  surface  wave  transducer  a  decrease  in  apparent 
attenuation  was  observed  as  plate  thickness  decreased.  It  appeared  that  this  was 
due  to  some  type  of  reinforcement  of  the  waves  by  the  back  surface. 

Additional  signals  at  other  than  critical  angles  were  observed  in  the  thin  plates, 
0.062  and  0.125  of  an  inch  thickness.  Apparently,  these  were  of  a  compound  nature 
and  were  the  same  or  similar  to  the  ''Lamb''  waves  observed  using  the  immersion 
method.  It  seems,  then,  that  use  of  these  waves  could  be  made  by  either  contact  or 
immersed  method.  The  investigations  completed  for  this  report  were  accomplished 
using  a  single  transducer,  pulse-echo  method  thus  indicating  the  probable  usefulness 
of  this  technique  for  flaw  detection.  Previous  investigations  have  applied  two  trans¬ 
ducer,  transmit-receive  techniques. 

The  Shear-Surface  Wave  Separator  was  used  to  determine  the  effective  range  of 
incident  angles  required  to  generate  shear  and  surface  waves.  It  was  found  that  the 
ranges  overlapped  to  some  extent.  Apparently  the  overlapping  range  of  angles  at 
which  shear  waves  and  surface  waves  were  simultaneously  generated  was  partially 
due  to  beam  spreading  using  the  small  crystal.  This  overlap  would  probably  be  de¬ 
creased  by  using  transducers  in  which  the  size  of  the  crystal  was  15-20  wavelengths 
or  more.  The  amplitude  of  the  reflected  surface  waves  was  considerably  less  than 
for  the  shear  waves.  Similar  results  were  found  to  occur  when  testing  flat  plates. 
Using  10.0  me,  no  indications  of  surface  waves  were  observed.  These  limited  ob¬ 
servations  indicate  that  surface  waves,  as  such,  have  a  limited  usefulness  at  higher 
frequencies  due  to  the  low  energy  level  and  difficulty  of  generating  the  waves  at 
frequencies  higher  than  5.0  me. 

RECOMMENDATIONS 

The  results  of  this  investigation  indicate  the  possibilities  of  satisfactory  results 
using  shear  waves,  throughout  a  wide  range  of  angles.  It  is  recommended  that  further 
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investigations  be  performed  to  determine  what  limitations  could  be  expected  in  using 
shear  waves  for  flaw  detection.  Quantitative  values  of  attenuation  should  be  obtained 
and  evaluation  of  various  types  of  standard  reference  blocks  for  use  with  shear  waves 
should  be  made. 

It  is  also  recommended  that  further  investigation  be  conducted  to  better  establish 
performance  criteria  for  Lamb  waves  and  to  evaluate  the  use  of  this  type  of  acoustic 
wave  energy  for  flaw  detection. 
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APPENDIX  I 


i,  CALIBRATION  OF  MASTER  CONTROL  TEST  BLOCKS 

Figures  61  through  63  show  the  Distance-Signal  Amplitude  curves  obtained  from 
the  control  blocks  used  in  Sections  I  and  II.  The  test  frequency  was  5.0  me.  The 
curves  obtained  at  2.25  me  were  identical  to  those  shown  in  Appendix  III  of  WADC 
Technical  Report  59-466. 
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Figure  61.  Calibration  Curve  for  Group  I  Master  Control  Set  -  4130N  Steel. 
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INCHES  OF  METAL  TRAVEL 


Figure  62.  Calibration  Curve  for  Group  II.  Master  Control  Set  -  Ti-IOOA  Titanium. 
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APPENDIX  II 


METALLURGICAL  DATA 

Materials  listed  in  Table  2,  which  were  evaluated  in  the  heat  treated  conditions, 
were  heat  treated  in  accordance  with  applicable  Government  specifications  or  if  non¬ 
existent,  the  latest  available  manufacturer's  recommended  procedures.  The  heat 
treatment  of  each  material  was  as  follows: 

INCONEL  X  -  ANNEALED 


Heat  Treatment:  1625°  ±25 °F  for  24  hours 

Air  cooled 

Aged  at  1300°  ±25°  for  20  hours 
Air  cooled 


VASCOTET  1000  -  ANNEALED 

Heat  treatment:  Preheated  at  1450 °F  for  30  minutes 

Heated  to  1850°  ±25°F  for  1-3/4  hours 
Air  cooled 

Triple  tempered  at  1000 °F  for  2  hours 

B120VCA  -  ANNEALED 

Heat  treatment:  Aged  at  900°F  for  48  hours 

Photomicrographs  of  materials  tested  for  this  report  but  not  included  in  this 
section  are  shown  in  WADC  Technical  Report  59-466. 
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TABLE  25 


MECHANICAL  PROPERTIES 

MATERIAL  AND 
CONDITION 

YIELD 

STRENGTH 

psi 

ULTIMATE 

STRENGTH 

psi 

ELONGATION 

PERCENT 

RA 

PERCENT 

HARDNESS 

Aluminum 

707  5-T6  Forging  #1 

64,480 

74,480 

9.7 

Rb  90-9  2 

7075-T6  Forging  #2 

64,820 

76,620 

9.7 

Rb  89-9  2 

7075-T6  Rolled  Bar 
#1 

73,080 

80,900 

16.2 

Rb  88-90 

707  5-T6  Rolled  Bar 
#2 

85,730 

93,330 

10.0 

Rb  91-93 

4130  Steel 

Normalized 

53,550 

89,550 

27.1 

63.7 

Rc  8-11 

Vascolet  1000 
Forging 

Annealed 

49,580 

92,720 

25.7 

55.9 

Rc  16-18 

Heat  Treated 

253,780 

313,050 

6.2 

9.6 

Rc  54-55 

Vascojet  1000  Bar 

Annealed 

48,620 

92,730 

31.0 

68.5 

Rc9-12 

Heat  Treated 

235,870 

309,650 

6.6 

18.7 

Rc  53-55 

17-4  PH  Stainless 

Annealed 

157,000 

158,050 

12.0 

69.3 

Rc  34-36 

Inconel  X  Bar 

Annealed 

120,980 

170,430 

24.7 

37.7 

Rc  38-41 

Heat  Treated 

121,600 

176,350 

21.3 

32.6 

Rc  40-42 

Inconel  X  Forging 

Annealed 

83,500 

149 ,000 

27.0 

39.3 

Rc  29-31 

Heat  Treated 

108,850 

173,270 

19.8 

■  19.9 

Rc  35-36 

120  Titanium  Forginc 

Annealed 

135,430 

141,680 

8.7 

mm 

Rc  42-45 

Heat  Treated 

156,400 

200,000 

2.1 

mm 

Rc  49-50 

120  Titanium  Bar 

Annealed 

125,430 

129,700 

19.7 

1  Rc  34-36 

Heat  Treated 

145,000 

192,300 

3.7 

Rc  46-48 

Molybdenum  Bar 

83,380 

86,970 

17.3 

25.8 

NOTE:  Hardness  values  are  the  high  and  low  reading  from  each  set  of  blocks 
All  other  values  are  average  of  three  tests. 
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Figure  64.  Photomicrograph,  4130  Steel  (Normalized),  Longitudinal  Section, 
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A.  Rolled  Bar 


Figure  66 . 


B  .  Forged  Bar 

Photomicrographs,  Vascojet  1000,  Longitudinal  Sections,  250X. 
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B.  Forged  Bar 


Figure  67.  Photomicrographs,  Inconel  X,  Longitudinal  Sections,  250X. 
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Figure  68.  Photomicrograph  ,  ZK-60  Magnesium,  Longitudinal  Section,  150X. 


Figure  69.  Photomicrograph  ,  Ti-IOOA  Titanium,.  Rolled  Bar,  Longitudinal  Section, 
250X. 
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A.  Forging  #1 


B.  Forging  #2 

Figure  71.  Photomicrographs,  7 075-T6  Aluminum,  Longitudinal  Sections ,  150X. 
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A.  Tranverse  Section 


B.  Longitudinal  Section 

Figure  72.  Photomicrographs,  7075-T6  Aluminum,  Rolled  Bar  #1 ,  150X. 
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A.  Transverse  Section 


B.  Longitudinal  Section 

Figure  73.  Photomicrographs,  7075-T6  Aluminum,  Rolled  Bar  #2,  150X. 
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A.  Transverse  Section 


B.  Longitudinal  Section 

Figure  74.  Photomicrographs,  7075-T6  Aluminum,  Rolled  Bar  Control  Set,  150X 
Specimen  #1 . 
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A.  Transverse  Section 


B.  Longitudinal  Section 

Figure  75.  Photomicroyaphs ,  7 07 5 -T6  Aluminum,  Rolled  Bar  Control  Set,  150X, 
Specimen  #2 . 
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APPENDIX  III 


MEASUREMENT  OF  ACOUSTICAL  PROPERTIES 

The  methods  and  techniques  used  to  measure  acoustic  impedance  and  attenua¬ 
tion  for  this  report  are  discussed  in  the  following  paragraphs. 

By  using  these  methods,  measurements  of  acoustical  properties  can  be  related 
to  one  another  or  to  theoretical  values.  Thus,  predictions  of  test  results  can  be 
made  and  test  efforts  more  effectively  directed. 

A  brief  analysis  of  impedance  and  attenuation  factors  is  also  included.  This 
analysis  presents  methods  for  expressing  acoustical  energy  losses  in  terms  of  deci¬ 
bels. 


ANALYSIS  OF  IMPEDANCE  AND  ATTENUATION 


The  acoustic  impedance  of  a  material  determines  the  amount  of  sonic  energy 
transmitted  and  reflected  at  interfaces  between  the  material  and  some  other  given 
medium.  Attenuation,  in  the  broad  sense,  describes  the  energy  losses  within  the 
material.  Attenuation  will  be  discussed  first. 


A  more  limited  definition  of  acoustic  attenuation  refers  to  only  those  losses 
brought  about  by  energy  conversion.  Scattering,  beam  spread,  and  certain  diffrac¬ 
tion  effects  which  appear  as  energy  losses  are,  in  more  rigorous  discussions,  con¬ 
sidered  separately.  In  an  extended  homogeneous  medium  the  losses  due  to  scatter¬ 
ing  and  beam  spread  occur  as  a  linear  decay  of  the  instantaneous  amplitude.  Losses 
due  to  diffraction  are  considerably  more  complex.  However,  Seki,  Granato,  and 
Traell  give  as  a  rough  approximation  of  the  diffraction  loss  from  a  circular  crystal, 
one  decibel  per  aV  ^  ,  where  "a"  is  the  radius  and  "  “  the  wavelength.  This 

loss  approximation  is  applicable  to  the  exponential  portion  of  the  curve,  i.e. ,  be¬ 
yond  the  region  of  Fresnel  diffraction  (a  distance  from  the  source  of  approximately 
av  ^ )  •  It  appears  then  that  for  the  purpose  of  this  investigation,  the  decibel  loss 
within  the  material  can  be  considered  collectively  beyond  the  Fresnel  region. 

Let  the  curve  in  Sketch  A  be  the  amplitude  response  curve  for  a  given  homo¬ 
geneous  medium  where  the  following  nomenclature  applies: 


A  =  Instantaneous  amplitude  at  X 

X  =  Distance 

«  =  Amplitude  decay  coefficient/unit  length. 


If  A  is  attenuated  by  a  factor  of  cx  in  a  distance  "dx" ,  then  the  change  in  ampli¬ 
tude  is: 


d  A  =  -<H 

-o<y^ 
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where: 


lo<j« 


J!  -  Xj-X^ 


distance  between  A,  and  A„ 
1  2 


A^/A^  =  amplitude  ratio  between  points  1  and  2 

e  =  natural  log  base 
and  o<  =  Nepers/unit  length. 

Since  the  corresponding  intensity  “I"  is  proportional  to  the  square  of  the  ampli¬ 
tude,  the  intensity  ratio  is  expressed  as: 


X,  '  * 

If  is  expressed  in  decibels  (one  Neper  =  8.686  decibels),  then: 

■■  I.  ‘ 

The  above  equations  describe  the  intensity  and  amplitude  relationships  for  two 
points  within  the  medium.  If  energy  is  transmitted  between  two  or  more  media  then 
the  acoustic  impedances  of  the  materials  must  be  considered.  The  following  equa¬ 
tions  describe  the  relationships  between  transmitted  and  reflected  intensities  and 
amplitudes  of  a  beam  at  normal  incidence. 


R* 


T» 


R^T-1 
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where: 


R 


T 


Zj.Z 


2 


r 


I 

T 

I 

o 

A 


reflection  coefficient 
transmission  coefficient 
the  respective  impedances 

Zj/Zj 


Vi  and 


reflected  beam  intensity 

transmitted  beam  intensity 

incident  beam  intensity 

amplitude  (with  the  same  sub  designations 
as  "I") 


Taking  into  account  the  attenuation  losses  and  impedance  effects  as  described 
above,  an  expression  can  be  derived  for  the  amplitude  of  the  n-th  back  echo  in 
pulse-echo  immersion  testing. 


Consider  a  sample  of  “L"  thickness  immersed  in  a  coupling  solution  as  shown 
in  Sketch  B. 


The  intensities  at  the  various  points  are: 


Iv  =  I.T  R 


I. 


l."I.rR*e 


(fcO 
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The  corresponding  amplitude  reitio  is: 


If  Oi  is  expressed  in  decibels,  then: 


AoTR' 


(.w-o.-sS  -o.z^  vvL« 


The  above  amplitude  ratio  is  sometimes  more  convenient  when  expressed  in 

decibels,  where  the  decibel  difference  between  A  and  A  is: 

n  o 

ao 

The  equation  may  therefore  be  written  as: 

20  *20  ♦  20 

20  1  cx^,o  '20  lcx^.o  ~20  lo^,o  R  20  lo^io 

where  the  terms  of  the  expression  represent  the  various  losses,  expressed  in  deci¬ 
bels,  contributed  by  R,  T,  and  <x  .  If  these  losses  are  now  taken  as  positive,  and 
we  let: 

Tj  -  \0 
Ri  *  \0 

where  T ,  and  are  the  respective  transmission  and  reflection  coefficients  express¬ 
ed  in  decibels  ,°then: 

20  loc^,.  ^  .  2Tj  (2n-l)  Ra  ^  20(0.23  yv  L«>  \o.^„,e 

20  »  SL~Va  +  C2v\'l)  R<i  2  v\  Lo< 


When  plotting  decibels  lost  versus  round  trips  through  the  sample,  the  function 
is  a  straight  line  on  rectangular  coordinates  with  a  slope  of: 

2  R<i  V  2  Lex 
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If  the  back  interface  is  air  (total  reflection)  then  the  slope  is: 


Rd  V  2  L  ot 


ATTENTUATION  MEASUREMENTS 

By  using  a  calibrated  attenuator  in  combination  with  a  single  transducer  and 
either  a  pulse-echo  instrument  or  the  Attenuation  Comparator  several  methods  were 
available  for  making  measurements  of  the  ultrasonic  attenuation  by  immersed  tech¬ 
niques. 

The  Attenuation  Comparator  also  operates  on  the  pulse-echo  principle,  however, 
it  has  additional  functions  built-in.  Direct  measurements  of  time  delay  can  be 
made  between  indications  on  the  A-Scan  trace.  An  exponential  decay  curve  can  be 
made  to  fit  the  decay  pattern  of  multiple  reflections  from  the  test  sample .  The  dial 
settings  required  to  obtain  the  proper  shape  of  the  exponential  curve  are  used  to 
find  the  attenuation  from  calibration  curves  supplied  with  the  instrument. 

Three  methods  for  ultrasonic  attenuation  measurement  are  listed  below.  Using 
conventional  pulse-echo  test  equipment  and  a  calibrated  attenuator  the  first  two 
methods  were  used.  However,  all  three  methods  were  employed  at  various  times 
when  using  the  Attenuation  Comparator.  Thus,  results  obtained  by  one  method  were 
confirmed  using  a  different  method  and/or  test  instrument.  The  basic  test  configura¬ 
tion  is  shown  in  Figure  76. 

A.  FRONT  SURFACE  TO  FIRST  BACK  ECHO  METHOD 


1.  The  sample  was  placed  in  the  buffer  tank  with  one  face 
submerged  in  distilled  water  at  room  temperature.  See 
Figure  16 .  The  sample  was  then  normalized  to  the  path 
of  sound  beam. 

2.  The  instrument  gain  was  adjusted  so  that  the  amplitude 
of  the  first  back  surface  was  1.5  inches  in  height. 

3.  Known  signal  losses  were  then  inserted  into  the  receiver 
circuit  using  the  attenuator  until  the  height  of  the  front 
surface  echo  was  decreased  to  the  1.5  inch  reference 
height  selected  for  the  first  back  surface  echOi  The 
attenuator  reading  was  then  recorded.  The  value  ob¬ 
tained  represented  the  water/metal  impedance  loss  plus 
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Pulse-Echo  Test  Instrument 


Receive 


~z: 


Transmit 


R.  F.  Attenuator 


1 


Buffer  Tank 


Figure  76.  Basic  Test  Equipment  Configuration  for  Impedance  and  Attenuation 
Measurements. 


Figure  77 .  Photograph  of  Typical  Waveform  Pattern  Obtained  Using  the  Attenuation 
Comparator. 
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the  attenuation  losses  for  one  round  trip  in  the 
sample.  By  subtracting  the  theoretical  impedance 
loss  and  dividing  by  the  sample  length,  a  value 
for  the  attenuation  per  unit  length  was  obtained . 
Measurements  of  impedance  losses  using  the 
Attenuation  Comparator  generally  indicated  good 
agreement  with  calculated  impedance  losses. 

B.  SUCCESSIVE  BACK  ECHOES  METHOD 

1 .  The  sample  was  placed  in  the  buffer  tank  and 
normalized  with  respect  to  the  sound  path.  Only 
one  face  was  submerged. 

2.  The  amplitude  of  the  third  or  later  back  echo  was 
adjusted  to  a  height  of  1.5  inches  on  the  oscillo¬ 
scope  screen. 

3 .  Known  signal  losses  were  then  inserted  into  the 
receiver  circuit  until  the  second  back  surface  echo 
was  decreased  to  the  1.5  inch  reference  line.  This 
attenuation  reading  was  recorded  and  then  divided 
by  the  number  of  back  echoes .  After  correcting  for 
the  reflection  coefficient  loss  (R^j) ,  the  attenuation 
per  round  trip  and  attenuation  per  unit  length  were 
calculated. 

This  method  was  restructed  to  the  shorter  test  blocks 
on  most  materials  since  an  insufficient  number  of 
back  echoes  was  obtained  for  a  representative  average 
on  the  longer  blocks. 

C.  ATTENUATION  COMPARATOR  METHOD 

1 .  The  test  sample  was  placed  in  the  buffer  tank  with 
one  face  submerged  and  normalized  with  respect  to 
the  sound  path.  The' receiver  frequency  and  trans¬ 
mitted  pulse  were  tuned  for  maximum  amplitude  of 
back  surface  reflections . 

2.  Using  the  exponential  waveform  of  the  instrument,  the 
leading  edge  of  the  waveform  was  positioned  slightly 
to  the  left  of  the  third  back  surface  echo  which  was  set 
to  approximately  3  inches  amplitude. 

3.  The  shape  of  the  waveform  was  then  adjusted  by  means 
of  the  "Exponential"  and  "Range"  controls  so  that  it 
was  aligned  with  the  peaks  of  the  train  of  back  echoes. 
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The  “Exponential"  and  "Range"  dial  readings  were 
recorded.  Figure  77  shows  a  typical  waveform. 


4.  Steps  1-3  above  were  repeated  with  both  faces  of  the 
specimen  submerged. 

5.  The  dial  readings  were  converted  to  attenuation/ micro¬ 
second  using  the  Exponential  Comparator  calibration 
curve .  Then ,  by  taWng  the  difference  between  the 
attenuation  value  with  both  faces  of  the  specimen 
submerged  and  the  value  obtained  with  only  one  face 
submerged,  ”R^"  was  found.  By  subtracting  “R^j" 
from  the  value  obtained  with  only  one  face  submerged , 
the  attenutation  per  microsecond  was  found.  Then 
attenuation  per  unit  length  was  calculated  by  dividing 
the  sonic  velocity  of  the  test  specimen  into  the  attenua- 
per  microsecond. 

Attenuation  measurements  using  the  Attenuation  Comparator  were  limited  to  test 
blocks  no  longer  than  two  inches  in  most  cases.  The  time  delay  generator  could  not 
accommodate  enough  of  the  back  echo  train  on  long  blocks  to  effectively  use  the 
exponential  waveform.  Additional  attenuation  values  were  obtained  by  contact  test¬ 
ing  methods  using  the  exponential  waveform  on  the  Attenuation  Comparator.  The 
only  difference  in  technique  was  that  the  crystal  was  placed  directly  on  the  test 
samples . 

The  values  obtained  by  all  three  methods  represent  the  apparent  attenuation  in 
the  specimens  and  include  losses  due  to  beam  spreading  and  diffraction  effects. 

SONIC  VELOCITY  MEASUREMENTS 

A.  ATTENUATION  COMPARATOR  METHOD 


It  was  possible  to  measure  the  velocity  with  an  accuracy  of  approximately  1% 
by  using  the  Attenuation  Comparator  instrument  and  proceeding  as  follows: 

1.  A  specially  machined  sample  of  each  material,  retain¬ 
ing  parallelness  of  the  sample  surfaces  to  ±0.0001 
inches  per  inch,  was  placed  in  the  small  water  buffer 
tank  with  one  face  submerged  in  distilled  water  at  room 
temperature . 

2.  The  specimen  was  rotated  on  the  centering  platform  until 
the  train  of  back  echoes  reached  a  maximum  amplitude . 

3.  By  adjusting  the  centering  screws  the  bottom  surface  of  the 
sample  was  normalized  with  respect  to  the  sound  path  from 
the  transducer.  This  was  indicated  on  the  oscilloscope 
when  the  front  surface  echo  reached  a  maximum  height  while 
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the  gain  setting  was  at  a  minimum.  Figure  77  illus¬ 
trates  the  type  of  echo  pattern  observed  with  the  gain 
adjusted  to  a  normal  operating  level. 

4 .  An  exponential  range  was  selected  where  the  envelope 
of  the  generated  waveform  was  similar  to  the  exponential 
pattern  created  by  the  back  echo  train. 

5.  The  leading  edge  of  the  exponential  waveform  was  matched 
to  the  top  peaks  of  successive  back  echoes  and  the  time 
delay  position  recorded  for  each  echo.  The  gain  of  the  re¬ 
ceiver  was  increased  so  that  each  echo  had  the  same  ampli¬ 
tude  when  matched  to  the  leading  edge  of  the  exponential 
waveform . 

6.  After  the  round  trip  time  for  each  echo  in  Step  5  was  ob¬ 
tained,  the  velocity  was  found  by  measuring  the  sample 
thickness  and  using  the  following  formula: 

V  =  ^ 
t 


where: 


t  =  round  trip  time  in  microseconds 
/  d  =  thickness  in  inches 

V  =  sonic  velocity  in  inches/microsecond . 

B.  TWO-TRANSDUCER,  WATER  COMPARISON  METHOD 

In  order  to  study  velocity  characteristics  of  various  wave  propagated  in  plates 
a  two  transducer,  water  comparison  method  was  devised.  This  method  makes  use  of 
standard  commercial  testing  equipment  without  resorting  to  special  or  additional 
equipment.  See  Figure  78. 

A  reference  groove  in  the  test  panel  is  required  to  use  this  method.  The  groove 
is  machined  a  known  distance  away  from  and  parallel  to  one  edge  of  the  plate.  The 
depth  of  the  groove  need  only  be  sufficient  to  reflect  an  easily  observed  signal, 
e.g. ,  0.005  of  an  inch. 

Say,  for  instance,  a  surface  (Rayleigh)  wave  is  propagated  normal  to  the  groove 
and  the  associated  parallel  edge.  The  reflected  signals  observed  on  the  A-Scan 
trace  would  be  (1)  the  signal  reflected  by  the  groove,  and  (2)  the  signal  reflected 
from  the  edge  of  the  plate . 

A  second  immersed  transducer  is  then  coupled  to  the  test  instrument  using  a  "T" 
coupling  which  enables  the  use  of  both  transducers  simultaneously.  Then,  manipulate 


129 


the  second  transducer  so  that  a  maximum  reflected  signal  is  obtained  from  a  very 
thin  plate  (less  than  0.010"  thick).  Adjust  the  water  distance  to  cause  this  signal 
to  coincide  with  the  signal  from  the  edge  of  the  test  plate  and  measure  the  water 
travel  from  the  face  of  the  transducer  to  the  thin  plate.  After  noting  this  dimension, 
decrease  the  water  distance  until  the  reference  signal  coincides  with  the  signal 
from  the  groove  in  the  test  plate  and  again  measure  the  water  distance.  The  differ¬ 
ence  in  the  two  measurements  is  the  Water  equivalent  of  the  propagated  wave  in 
the  plate. 

With  the  metal  distance  from  the  groove  to  the  edge  of  the  plate  known  and  the 
velocity  of  sound  in  water  known,  the  velocity  or  speed  being  observed  may  be  cal¬ 
culated  using  the  following  equation: 


where: 

V 

=  unknown  velocity,  inches/sec  (or  cm/sec) 

^w 

=  velocity  of  sound  in  water,  0.213  x  10^  inches/sec 
(or  1.49  X  10^  cm/sec) 

d 

=  metal  distance  from  groove  to  edge  of  plate,  inches 
(or  cm) 

and 

a-b 

=  difference  in  water  travel  of  Position  A  to  Position  B, 
inches  (or  cm) 

All  dimensional  units  must  be  consistent. 


This  same  technique,  of  course,  may  be  applied  to  any  velocity  measurement 
where  two  separate  signals  are  obtained  from  the  test  part  and  the  metal  distance 
between  the  two  reflecting  surfaces  is  known. 
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APPENDIX  IV 


ULTRASONIC  C-SCAN  FACSIMILE  RECORDING 

Considerable  use  was  made  of  C-Scan  recording  techniques  in  compiling  data 
for  this  report.  However,  no  basic  explanation  of  the  operation  of  recording  sys¬ 
tems  was  presented  .  It  seemed  appropriate  to  include  a  description  of  the  method 
at  this  point. 

The  Recording  System  consists  of  a  basic  pulse-echo  test  instrument,  a  record¬ 
ing  instrument,  a  facsimile  paper  recorder  and  mechanical  drives  and  controls.  A 
basic  system  is  shown  in  Figure  79. 

The  mechanical  apparatus  in  a  normal  X-Y  scanning  system  is  comprised  o,f  a 
(1)  carriage  with  a  transducer  mount,  and  (2)  a  bridge.  The  carriage  scans  with  an 
oscillating  motion  in  the  X-direction .  After  each  pass  across  the  part  by  the 
carriage  and  transducer  the  bridge  indexes  one  step  in  the  Y-direction.  The  path 
scanned  by  the  transducer  is  then  as  shown  below. 


Sketch  of  Scanning  Pattern . 

The  width  of  scan  is  normally  controlled  with  limit  switches  which  are  adjustable 
in  position,  thus  compensating  for  different  dimensions  of  parts.  For  full  size 
recordings  (1:1  scale) ,  the  maximum  width  of  scan  is  limited  by  the  paper  recorder. 
The  usual  size  is  19  inches  wide.  Occasionally  narrower  widths  are  used  on 
special  applications .  Parts  wider  than  19  inches  are  recorded  by  making  two  or 
more  recording  runs  to  include  the  complete  area .  The  total  length  being  limited 
by  the  tank  length .  '  ■ 

Generally,  the  length  of  index  is  also  variable.  This  variation  makes  possible 
the  “overlooking"  of  insignificant  or  minor  discontinuities  while  still  performing 
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Recording  System 


thorough  inspection  for  more  critical  areas.  Also,  the  time  for  complete  scanning 
is  coincidently  reduced.  Conversely,  very  high  sensitivity  and  resolution  can  be 
achieved  using- 15  or  20  me  focused  transducers  with  a  short  length  of  index. 

The  paper  feed  on  the  facsimile  paper  recorder  is  coupled  directly  to  the  in¬ 
dexing  motion  of  the  bridge  while  the  recording  drum  is  directly  coupled  to  the 
scann.ing  motion  of  the  carriage.  A  helix  wire  is  mounted  on  the  drum  so  that  as 
the  drum  oscillates  the  wire  contacts  the  paper  at  a  point  corresponding  directly 
to  the  position  of  the  carriage. 

By  observing  the  scanning  pattern  it  may  be  seen  that  if  at  the  instant  a  re¬ 
flected  signal  from  a  discontinuity  was  observed  a  recording  device  were  made  to 
record  the  signal  in  a  corresponding  area  on  paper,  successive  scans  would  out¬ 
line  the  area,  providing  a  permanent  record  of  the  area.  This  process  is  what  does 
occur. 

The  "writing"  action  takes  place  when  a  current  is  passed  through  the  paper 
between  the  helix  wire  and  a  stationary  blade  directly  over  the  paper.  A  plating 
process  takes  place  and  appears  on  the  sensitized  paper  as  a  darkened  area.  The 
"writing"  signal  is  supplied  to  the  paper  recorder  by  a  recording  instrument  which 
in  turn  received  the  original  signal  from  the  pulse-echo  test  instrument.  The  re¬ 
cording  instrument  and  the  pulse-echo  instrument  are  synchronized  by  signals  from 
the  pulse-echo  instrument. 

Normally,  there  are  several  signals  which  appear  on  the  A-Scan  trace.  The 
function  of  the  recording  instrument  is  to  select  the  signal(s)  which  are  to  be  re¬ 
corded  and  supply  the  "writing"  impulse  to  the  paper  recorder.  The  selection  of 
the  desired  signal(s)  is  accomplished  by  a  gating  circuit  which  "listens"  for  some 
duration  of  time  and  allows  signals  which  are  received  during  that  time  to  pass 
through  the  "gate"  for  additional  processing.  Usually,  the  gate  circuit  is  triggered 
(or  "opened")  by  the  reflected  signal  from  the  front  surface  of  the  test  part.  Circuit 
design  techniques  permit  a  delay  before  the  "opening"  of  the  gate  which  may  be  con¬ 
trolled  as  desired.  Recent  advances  have  resulted  in  a  gate  that  can  be  made  to 
"open"'  before  the  front  surface  signal.  The  advantage  being  that  in  very  thin 
materials  where  only  a  slight  change  in  reflected  signal  is  detected  the  gate  can 
then  operate  directly  adjacent  to  the  front  surface  rather  than  at  the  usual  minimum 
delay  which  may  represent  l/l6  to  1/8  of  an  inch  of  material. 

The  gate  duration  is  also  variable  so  that  only  particular  zones  of  interest  are 
recorded.  For  example,  the  bond  line  of  two  brazed  or  cemented  layers  ifiight  be 
the  only  area  of  interest,  or  it  may  be  desired  to  record  the  entire  volume  between 
the  front  and  back  surface  of  several  plates  which  have  different  thicknesses. 

These  various  areas  may  readily  be  recorded  with  proper  adjustment  of  the  gate  de¬ 
lay  and  duration  (length)  controls . 

The  signals  to  be  recorded  pass  through  the  gate  to  an  amplifier  section.  In 
this  area  of  the  recording  instrument  further  selection  of  the  signals  occur.  Two 
controls  accomplish  this  selection,  (1)  the  level  setting,  and  (2)  the  contrast.  The 
level  setting  makes  possible  the  selection  of  signals  W'hich  have  an  amplitude 
greater  than  some  predetermined  level.  Say,  for  instance,  that  it  is  desired- to 
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record  signals  from  8/64"  flaws  while  5/64"  or  smaller  flaws  are  not  to  be  recorded. 
The  level  setting  is  then  adjusted  so  that  a  signal  with  amplitude  equivalent  to  an 
8/64"  flat  bottom  hole  will  cause  writing  current  to  flow  through  the  paper  recorder. 
When  the  adjustment  is  correctly  set  reflected  signals  equivalent  to  a  5/64"  flat 
bottom  hole  will  not  cause  wiriting  current  to  flow.  Thus,  the  level  setting  estab¬ 
lishes  the  minimum  signal  amplitude  which  will  be  recorded. 

The  contrast  control  is  used  to  expand  a  small  change  in  signal  amplitude.  If, 
for  example,  a  thin  plate  is  inspected  directly  for  laminar  defects  probably  only  a 
small  change  in  signal  will  occur.  This  small  change  in  signal  amplitude  must  be 
expanded  so  that  writing  current  can  be  made  to  flow  when  the  signal  change  does 
occur.  The  contrast  control  enables  the  expansion  of  the  signal  and  makes  possible 
the  recording  of  many  additional  configurations  vrhich  could  not  be  recorded  other¬ 
wise  . 

The  final  step  is  for  the  signal  to  be  converted  from  the  high  frequency  pulse 
to  a  DC  pulse  which  is  applied  to  the  facsimile  recorder  as  writing  current.  Nor¬ 
mal  settings  on  the  recording  instrument  will  provide  writing  current  to  the  paper 
recorder  with  potentials  ranging  from  5  to  30  volts.  The  5  volt  writing  signal 
appears  as  very  faint  gray  or  brown  against  the  white  paper  background.  The  30 
volt  writing  signals  appear  as  black  areas  on  the  paper.  Gated  signals  with 
potentials  between  5  and  30  volts  appear  as  various  shades  of  gray  or  brown  becom¬ 
ing  darker  as  the  voltage  increases.  This  effect  can  be  reversed  by  an  additional 
control  on  the  recording  instrument  which  provides  for  positive  or  negative  presen¬ 
tation  of  writing  current  to  the  paper  recorder.  By  using  this  control  defective 
areas  may  be  caused  to  appear  as  dark  areas  on  a  white  background  or  white  areas 
on  a  dark  background  . 

In  order  to  record  defective  areas  the  pulse  rate  is  usually  increased  from  the 
usual  600  or  800  pulses  per  second  to  1600-2000  pulses  per  second.  Some  pulse- 
echo  test  instruments  have  a  control  incorporated  while  others  must  be  slightly 
modified  to  add  this  condol. 

No  mention  has  been  made  of  controls  for  the  carriage  and  bridge.  These  con¬ 
trols  start  and  stop  the  scanning  motions.  Also,  they  provide  variable  index  lengths 
over  about  a  20:1  range.  For  example,  if  the  minimum  index  is  1/32  of  an  inch  the 
maximum  would  be  about  5/8  of  an  inch.  The  scanning  rate  is  normally  variable 
from  about  1  to  20  inches  per  second.  On  a  few  specialized  recording  systems  other 
scanning  rates  have  been  used. 

Recording  systems  have  been  used  for  recording  of  information  obtained  by 
through-transmission,  shear  wave,  pitch-catch  technique  and,  most  frequently, 
standard  longitudinal  wave,  pulse-echo  techniques.  Any  inspection  technique 
which  obtains  a  varying  signal  to  the  pulse-echo  instrument  may  usually  be  record¬ 
ed  . 


It  is  seen,  then,  that  facsimile  C-Scan  recording  provides  a  rapidly  made, 
permanent  record  of  ultrasonically  detected  discontinuities. 
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